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ABSTRACT
Deinococcus radiodurans has a significantly more robust DNA repair response than
Escherichia coli, which helps it survive high amounts of oxidative stress. D. radiodurans DNA
Polymerase I (DrPolI) and RecA protein (DrRecA) play essential parts in this DNA repair
capability. Structural stability studies of the DrPolI large fragment (Klendra) and examination of
the DNA binding characteristics of Klendra and RecA are presented herein.
In the absence of cofactors DrRecA binds to dsDNA more than 20 fold tighter than
EcRecA, and binds ssDNA up to 9 fold tighter. Binding to dsDNA in the absence of cofactor
presumably monitors DNA end binding.

ATPγS abolishes the species-specific affinity

difference. Both proteins possess dependence of binding affinity on the length of ssDNA, but
not the length of dsDNA, which results in tighter binding to ssDNA at increasing lengths. These
studies indicate an enhanced binding to DNA ends during periods of metabolic stress, which
could be important for repair responses after incursion of DNA damage.
Klendra polymerase displays an overall increased stability and DNA binding capability
as solution pH is brought to 5.75. Klendra has a Tm at pH 5.75 of 46oC, and a ΔGunfolding at pH
7.9 of 8-10 Kcal/mol. Klendra is stable over a wide range of pH from 3-11, potentially reflecting
a necessity of DNA polymerase I functionality at lower pH during DNA repair. This idea is
further supported by the enhancement in binding affinity for Klendra at pH 5.75, where it binds
both ptDNA and dsDNA with high affinity. Klendra displays proton uptakes upon binding to
dsDNA and ptDNA of 0.9 H+ ions and 1.4 H+ ions, respectively, and has higher affinity for
dsDNA over ptDNA over a wide range of pH and KCl conditions. A non-linear ptDNA KCl
linkage results in little selectivity of dsDNA over ptDNA at KCl concentrations above 50mM.
Klendra lacks the ability to bind ssDNA, potentially due to absence of proofreading activity.
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CHAPTER 1. GENERAL INTRODUCTION
1.1 Discovery and Classification of Deinococcus radiodurans
Nearly 60 years ago a small group of scientists from Oregon State University lead by A.
W. Anderson were attempting to study the effects of radiation on food sterilization and
incidentally isolated a fascinating new species. After having exposed a sample of canned meat to
gamma irradiation at a dose of 4000 Gray (Gy), the group examined the sample for the presence
of living organisms, and were able to find bacterial growth (1,2). Curiosity was immediately
piqued within the scientific community as to how this bacterium could survive such normally
devastating circumstances. A plethora of information has consequentially been gathered about
this bacterium, now known as Deinococcus radiodurans.
D. radiodurans’ descriptive name was gradually developed as deviations from its
proposed classification were discovered.

Originally, Anderson and his team named the

bacterium Micrococcus radiodurans because of phenotypic commonalities with the genus
Micrococcus and due to the extreme radiation resistance of the organism (2). The micrococcal
shape of the individual cells can be seen in Figure 1.1. A notable feature of the growth of D.
radiodurans is its characteristic tetrad morphology (3). In some cases, the bacteria even exist as
groups of 8, 16, or 32 cells, depending upon certain environmental factors such as salt
concentration (4).
As several other bacterial species with similar characteristics were subsequently
discovered, they were also given names reflecting their micrococcal phenotype and radiation
resistance.

Notable examples displaying high similarity to D. radiodurans were originally

named Micrococcus radioproteolyticus and Micrococcus radiophilus (5,6). It was then, in 1981,
because of differences determined between these bacteria and archetypical micrococcal bacteria,
that the extremophiles were placed in their own genus, known as Deinococcus (7). Some of the
1

major deviations from the micrococcal standard were the composition of the Deinococcal cell
walls, as well as the sequence of their ribosomal RNA (7). Because of their unique phenotype,
the Greek root, deinos, was used for the genus name; a word that translates to English as
“unusual” (7).

A

B

Figure 1.1. Images of Deinococcus radiodurans. Panel A (8) displays the characteristic tetrad of
cells. Panel B (4) shows potential higher ordered structures achieved by varying solution
conditions.

Though resistance to ionizing radiation is an unusual trait to possess, continued
examinations of D. radiodurans and its radiation tolerant cousins revealed a close relationship
with the many species already identified as members of the Thermus genus. In 1989, 16s rRNA
homology studies indicated an evolutionary closeness that warranted the merging of these genera
into a common phylum, now known as Deinococcus-Thermus (9). This expanding phylum is
one of the most extremophilic bacterial phyla identified to date, currently possessing 8 genera

2

and close to 100 different species (10). The majority of these organisms have been shown to be
resistant to one or more DNA damaging environmental stresses such as heat or radiation (10).
The radiation tolerance phenotype conferred by some members of the DeinococcusThermus phylum resulted in a division into two orders known as Deinococcales and Thermales
(10). As is expected, radiation resistance is most common within the Deinococcales order.
However, heat stability is not exclusive to members of the Thermales order, as many of the
Deinococcales are viable at higher temperatures as well (11,12).
Though adaptation to high temperature is expected for many aquatic and terrestrial
ecosystems, possession of extreme radiation resistance is much more puzzling. This is because
no environment on earth is known to exceed radiation doses of 400 mGy per year (1). This is
10,000 fold less than the dose used by the Anderson lab upon D. radiodurans. However, the key
to understanding the evolution of radiation resistance is not in the direct effect of radiation upon
genetic or proteomic material, but rather in the secondary consequences of overexposure.
Ionizing radiation leads to extreme levels of oxidative stress resulting from the presence of free
radicals, which can also be produced by a variety of other environmental factors including UV
radiation, desiccation, hydrogen peroxide, and mitomycin C (13-16), all factors to which D.
radiodurans has been shown to exhibit high resistance (17). Mattimore and Battista made an
important correlation in this regard by showing that D. radiodurans mutants sensitive to
radiation also maintained sensitivity to desiccation (18,19). These results in addition to the fact
that several Deinococcales species have been isolated from extremely arid environments provide
strong evidence for the idea that D. radiodurans gained resistance to ionizing radiation as an
incidental coincidence of adaptation to surviving prolonged periods of desiccation (20,21).

3

With the understanding of radiation resistance expanded to include general tolerance of
oxidative stress, the focus on the survival mechanisms of the Deinococcales became an attempt
to discern how an organism could withstand high oxidative stress. D. radiodurans has been the
most highly researched representative of the Deinococcales order, and a continually greater
understanding of its oxidative stress resistance is being developed. Both passive and enzymatic
strategies exist within D. radiodurans which confer its extremophilic phenotype.

These

strategies have altered the composition of the cellular environment and diversified the
functionality of many enzymes (1,22). As such, the survival mechanisms of D. radiodurans are
still actively researched.
1.2 Oxidative Stress Resistance Strategies
The first key to understanding survival under extreme oxidative stress is to examine the
effect of Reactive Oxygen Species (ROS) on the components of the cell. Though damage can be
induced upon biological molecules from stresses such as radiation and desiccation directly, the
accumulation of ROS has been implicated as the primary driving force of eventual cell death
within bacteria both sensitive and resistant to the stresses that produce them (22,23). To examine
why this is the case, it is necessary to understand the effects of ROS on biological molecules.
Figure 1.2 illustrates how ROS can be generated. The first step is the lysis of water to
produce the most highly reactive ROS, a hydroxyl radical (15). Two secondary reactions can
then result. The first involves molecular oxygen and free electrons which form superoxide. The
second joins two hydroxyl radicals to form hydrogen peroxide (23). The products of these three
reactions are the ROS of highest concern within biological systems, and the primary target of the
ROS scavenging systems within D. radiodurans (24).

4

Radiation, Desiccation

.

HO + H+ + e-

H2O + γIR

+ e-

O2

.

O2

.-

.

HO + HO

H2O2

Figure 1.2. Characteristic production of damaging Reactive Oxygen Species (ROS). Products
shown in red represent the three most common ROS generated, and subsequently targeted for
removal within biological systems (23,24)

Free radicals such as these have the ability to break chemical bonds, causing biological
molecules to fragment. Some of the most detrimental effects of oxidative stress are inflicted
upon DNA. ROS can confer more than 80 different chemical changes to the four nitrogenous
bases that build the DNA molecules of living organisms, leading to mispairing during DNA
replication and introducing mutations into the genome (25). Additionally, crosslinking between
DNA strands can occur. Perhaps the most destructive damage, however, is the introduction of
single and double-strand breaks within DNA. Such damage, if left unattended, arrests DNA
replication and leads to cell death.
Most organisms have mechanisms in place for coping with the introduction of strand
breaks. Within the enteric bacteria Escherichia coli, for example, RecA mediated Homologous
Recombination (HR) is employed during DNA replication at double-strand breaks that have
occurred due to stalled replication forks (26). E. coli is not capable, however, of recovering after
obtaining a large extent of double-strand breaks, and will succumb to cell death after incurring
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only about 10 (27). D. radiodurans, on the hand, can be subjected to about 200 double-strand
breaks and still recover (17,28).
Since D. radiodurans can withstand such a large number of DNA strand breaks, the
question as to whether the organism utilizes any DNA protection systems as a means of
resistance to oxidative stress has been of interest. Results have indicated, however, that the
amount of DNA protection within D. radiodurans is similar in comparison to other organisms,
and that the genome of D. radiodurans is as susceptible to the accumulation of DNA strand
breaks as are the genomes of oxidative stress sensitive bacteria (22,29-31). Since this DNA
degradation does not seem problematic for D. radiodurans, research has focused upon the repair
mechanisms of the organism, and on determination of systems to protect other biological
molecules such as proteins from oxidative damage.
Proteins are subject to various different forms of alteration, including peptide bond and
side chain ring cleavage, oxidation of sulfur containing amino acids, and most notably, side
chain carbonylation (32). The damage sustained to the bacterial proteome due to oxidative stress
has been of interest within recent years, and researchers have utilized the quantification of
protein carbonylation as a marker for proteomic destruction. The results of these studies have
revealed much about the survival strategies of D. radiodurans, implicating protein modification
as the primary factor contributing to cell death within both oxidative stress resistant and sensitive
bacteria (22-24,33).
Much of the recent investigations of D. radiodurans have determined that it is
exceedingly efficient at protecting its proteome form alterations due to the presence of ROS
(23,33,34). Oxidative stress resistant and sensitive bacteria possess proteomes that saturate at the
same levels of carbonylation, and are equally susceptible to incursion of such damage when
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exposed to identical solution conditions (23,33,34). However, if the proteome is left in the D.
radiodurans cell lysate, or even if the proteome of other bacterial cells is mixed with the D.
radiodurans cell lysate, a much higher extent of oxidative stress is required to reach saturated
carbonylation of the proteins (33,34).

These results indicate the presence of a proteomic

protection system that was later determined to be mostly composed of molecules smaller than 3
KDa (24,33,35).
The two major factors contributing to oxidative stress resistance in D. radiodurans are
therefore an efficient proteomic protection system, and the ability to reconstruct a genome that
has been extensively fragmented. The various methods employed for protection of cellular
proteins allow for their continued functionality to ensure efficient repair of degraded genetic
material. The repair process itself, though similar to systems found within other organisms, has
features unique to D. radiodurans that have rendered it exceptionally rapid and extremely
faithful.
1.2.1 Reduction in Reactive Oxygen Species
To reduce cellular damage caused by free radicals, D. radiodurans possesses several
components which scavenge and chemically modify ROS. These include manganese complexes,
enzymes that either prevent or neutralize ROS, and even some pigment molecules (22,36-38).
The prevention of the accumulation of ROS via the presence of these defenses within D.
radiodurans is of pivotal importance for protection of the proteome, such that DNA repair
enzymes can efficiently reconstruct damaged genomic material within the cell.
Potentially the greatest aid in reducing proteomic exposure to ROS is the utilization of
the divalent cation, manganese (Mn2+). D. radiodurans has long been known to contain a
relatively high amount of Mn2+, which can participate directly in the quenching of ROS; and a
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relatively low amount of iron (Fe2+), which can aid in ROS formation (Figure 1.3) (23,39). The
ratio of Mn/Fe within D. radiodurans grown in tryptone-glucose-yeast extract media is roughly
0.24; more than 30 times higher than the Mn2+/Fe2+ ratio of 0.0072 found within E. coli (39). D.
radiodurans cells grown in the absence of Mn2+ contain only one-sixth the internal Mn2+/Fe2+
ratio, resulting in an equal depletion of oxidative stress resistance (22,23,39).

.

(A) Fe2+ + H2O2
2+

(B) Mn

+ O2

.-

Fe3+ + HO + HO+ 2H+

Mn3+ + H2O2

(C) 2Mn3+ + H2O2

2Mn2+ + O2 + 2H+

Figure 1.3. Reactions producing and depleting ROS. (A) Fenton reaction showing iron aiding in
the production of ROS. (B&C) ROS depletion by reactions with Manganese (23)
Mn2+ tends to form complexes within D. radiodurans via interaction with peptides and
orthophosphate (35). These complexes have been shown to be exceedingly efficient at the
scavenging of superoxide and hydrogen peroxide molecules (23,35). This is important due to the
fact that the presence of these ROS results in the carbonylation of amino acids within proteome
(23,35). The presence of Mn2+ complexes capable of scavenging such species renders even
oxidative stress sensitive bacterial proteomes more resistant to alteration from ROS. This has
been shown by exposure of the E. coli proteome to high levels of radiation after immersing it
into the D. radiodurans ultra filtrate. Under these conditions, much higher levels of exposure are
required to reach saturating levels of protein carbonylation (35).
Mn2+ complexes within D. radiodurans cells may be the most effective ROS scavengers,
but several enzymes encoded for by the D. radiodurans genome help to reduce the deleterious
effects of ROS as well. D. radiodurans possess three separate catalases, which are enzymes
8

responsible for the scavenging of hydrogen peroxide (22,40). This task is also performed by two
separate peroxidase enzymes within D. radiodurans (40). For the depletion of superoxide
molecules, on the other hand, D. radiodurans employs four separate superoxide dismutases (40).
It is notable that just as with the Mn2+ complexes the primary targets for these enzymes are the
two ROS that are implicated for destruction of the proteome. For some degree of protection of
DNA, however, the expression of two Dps proteins is induced due to oxidative stress (41,42).
These DNA binding and protecting enzymes chelate the ferrous ions responsible for the Fenton
chemical reaction shown in Figure 1.3, and reduce hydrogen peroxide to water (37,43).
Additional molecules within D. radiodurans responsible for ROS scavenging are pigment
molecules known as carotenoids. The carotenoids have been shown to aid in the protection of
DNA, proteins, and membrane lipids by possessing the ability to scavenge all types of ROS
(22,38,44-46). The D. radiodurans genome encodes 13 proteins that are known to be involved
in carotenoid biosynthesis (40). One example of such molecules is a carotenoid that has been
shown to be unique to D. radiodurans known as deinoxathin (Figure 1.4) (47). This particular
carotenoid has better ROS scavenging ability than more ubiquitous carotenoids such as βcarotene (38).

Figure 1.4. The structure of the unique D. radiodurans ROS scavenging carotenoid deinoxathin
(47).
Though D. radiodurans maintains Mn2+ complexes, ROS scavenging proteins, and
carotenoids for the reduction in amounts of ROS within oxidatively stressed cells, a large amount
9

of damage can still be conferred upon biological molecules that must somehow be corrected. As
discussed above, extensive protein protection seems to be implemented within D. radiodurans,
whereas DNA degradation is allowed to proceed relatively freely.

For this reason, D.

radiodurans must recover from oxidative damage by implementing extensive DNA repair
mechanisms, and utilizing machinery capable of rapidly disposing of unsalvageable materials
(22,35,48,49).
1.2.2 Repair of Damaged DNA after Oxidative Stress
The elaborate DNA repair system of D. radiodurans is capable of degrading and
expelling damaged material, and subsequently synthesizing new genomic constructs from
undamaged gene copies. In order to accomplish this task, individual damaged DNA bases are
modified and removed by several cellular proteins.

Simultaneously, damaged DNA is

reconstructed extremely efficiently.
DNA bases that have been directly modified by the damaging effects of oxidative stress
must be eliminated in order to detoxify D. radiodurans cells. This is accomplished by sets of
enzymes which have the ability to convert damaged bases into forms capable of being either
recycled or excreted from the cell. There are, for instance, 23 members of the Nudix Hydrolase
family of enzymes encoded for by D. radiodurans which catalyze reactions such as that shown in
Figure 1.5 (48,50,51). Species such as 8-oxo-GTP can potentially introduce mutations into the
genome if allowed to incorporate into a growing DNA strand. After the Nudix hydrolase, MutT,
modifies 8-oxo-GTP to 8-oxo-GMP, it can further be modified by a nucleotidase within D.
radiodurans to 8-oxo-G, which can then be exported from the cell (52-54). This export function
may be modulated by proteins such as UvrA2, which is similar to the ABC transporters (22,51).
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Only a limited amount of damage control is facilitated by the presence of base
modification and export systems.

Complete genomic reconstruction must be accomplished

through the degradation and resynthesis of DNA during various repair processes. In 1996, Daly
and Minton proposed that two separate repair pathways exist within the D. radiodurans cell, one
that requires the commonly implemented bacterial repair protein RecA, and one that does not
(55). According to their results, within the first 1.5 hours following exposure to radiation, much
of the DNA is repaired by mechanisms other than those requiring RecA. In fact, by depriving
cells of the RecA gene, Daly and Minton were able to show that similar amounts of repair take
place within the first 1.5 hours following irradiation in both cells containing RecA and those
without it (55). These results indicated that some form of RecA independent repair within D.
radiodurans precedes RecA dependent repair.

Figure 1.5. Proposed mechanism of the export of damaged GTP from D. radiodurans cells. GTP
is converted to 8-Oxo-GTP by reaction with ROS. The Nudix hydrolase enzyme MutT can then
remove pyrophosphate from 8-Oxo-GTP to create 8-Oxo-GMP. A nucleotidase enzyme can
then remove the final phosphate, generating 8-Oxo-G, which can be exported from the cell, no
longer posing a threat to potential genomic mutation (48,50-54).
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A large amount of research has focused upon the stages of DNA repair within D.
radiodurans in order to determine what might be taking place in the presence and absence of
RecA, a protein typically used within bacterial repair following oxidative stress. One of the most
prominent theories proposed for D. radiodurans DNA repair is the novel mechanism known as
Extended Synthesis Dependent Strand Annealing (ESDSA) (56,57). The current model for
ESDSA suggests an adaptation enabling D. radiodurans to repair its genome after it has been
shattered by oxidative stress that requires further DNA degradation followed by extensive DNA
synthesis (Figure 1.6).
The initial DNA degradation following incursion of numerous double-strand DNA breaks
seems to allow D. radiodurans to process DNA so as to use it for ESDSA. Strand invasion of
intact template DNA is achieved using the 3’ overhangs from processed DNA, presumably with
the assistance of RecA filaments, followed by DNA synthesis primed by the invading strand.
This synthesis is proposed to be carried out primarily by DNA polymerase III (Pol III), with
DNA Polymerase I (Pol I) aiding at either nicks in the DNA, caused by removal of damaged
bases, or at DNA lesions where Pol III stalls (56,57). The role of D. radiodurans Pol I has been
further substantiated by studies indicating its ability to perform strand displacement synthesis,
and to bypass DNA lesions commonly caused by UV radiation (58). In organisms such as E.
coli, this task is performed by error prone polymerases known as DNA polymerases IV and V,
which are absent in the D. radiodurans genome (51,58)). Once newly synthesized ssDNA
overhangs are produced through Pol III/Pol I activities, they can be annealed to complement
strands that have also been created through the process of ESDSA, and the genome can be fully
reassembled via RecA mediated homologous recombination events (56,57).
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Figure 1.6. Extended Synthesis Dependent Strand Annealing (ESDSA) mechanism (Adapted
from references (22,56,57)). DNA damage is introduced in the form of strand breaks and base
modification (Step 1). DNA ends are processed to leave short ssDNA overhangs (Step 2). DNA
lesions are removed and RecA mediated strand invasion of intact DNA occurs (Step 3). DNA
Pol III acts as the primary DNA synthesis enzyme, with DNA Pol I utilized at gaps where Pol III
would stall (Step4). The long ssDNA overhang fragments are thereby created (Step 5) and
annealed with some degree of strand overlap (Step 6). The overlaps are processed and nicks are
ligated to form contiguous pieces (Step 7) that may then undergo RecA mediated Homologous
Recombination (HR) via crossover events.
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The proposed ESDSA mechanism requires an abundance of strand invasions with the use
of homologous strands as templates. This is difficult to reconcile with the fact that much of the
genetic material is often shattered within D. radiodurans, presenting the cellular machinery with
the task of finding homologous templates that have not been damaged by severe oxidative stress.
Some features of D. radiodurans, however, may facilitate the homology search throughout what
is left of the undamaged genome. Specifically, D. radiodurans maintains a tight genomic
condensation relative to oxidative stress sensitive bacteria such as Thermus aquaticus and E. coli
(59) This condensation allows cells to avoid scattering of genetic material after induction of
double-strand breaks and helps to protect the DNA from free radicals within the cytoplasm (60).
A histone-like protein known as HU in D. radiodurans has been shown to aid in this genomic
condensation (61).
The tighter formation of genomic material may allow strand invasion events to occur
more readily due to the close proximity of homologous counterparts, which is also facilitated by
the genome copy number within D. radiodurans. During stationary growth phase the organism
has a minimum of two copies of its genome, and during exponential growth phase this number
increases to a maximum of ten copies (62,63). Although there is no direct correlation within D.
radiodurans between the number of genome copies present and the level of resistance to
oxidative stress (27), an increase in genetic material could allow D. radiodurans to ensure the
presence of intact DNA as a template for strand invasion mediated repair events.
Given the elaborate repair mechanisms of ESDSA, a full understanding of the steps
within requires an extensive examination of the proteins known to be involved. Two proteins of
pivotal importance, as can be seen from the ESDSA model in Figure 1.6, are D. radiodurans
RecA Recombinase (DrRecA) and DNA Polymerase I (DrPol I). These enzymes have been
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shown to be either completely essential (RecA) or at least extremely important (Pol I) in full
scale rapid repair of damaged DNA within D. radiodurans (56).

Further biochemical

characterization of these repair proteins is therefore the subject of this dissertation, with the
hypothesis that, due to the unique DNA repair systems found within D. radiodurans, the DNA
binding behaviors of the Deinococcus radiodurans DNA repair proteins, DNA polymerase I and
RecA recombinase, will likely be different when compared to homologous enzymes from the
organisms Thermus aquaticus and Escherichia coli.
1.3 RecA
The prototypical RecA homologue was first discovered in 1965 when E. coli cells
possessing mutations in the recA gene were found to be devoid of recombinants after bacterial
conjugation (64). RecA is a protein that executes several biochemical functions and is the
central enzyme involved in Homologous Recombination (HR) within E. coli (65-67). During the
recombination of genetic material, RecA is responsible for filamentously binding single-stranded
DNA (ssDNA) to form a pre-synaptic filament, after which it catalyzes a homology search upon
genomic double-stranded DNA (dsDNA) (65-67). Once a homologous counterpart is found,
RecA hydrolyzes ATP, leading to the formation of the synapse between homologous DNA
strands, and exchanging them such that they can begin to form a recombinant product (65-67).
Homologous recombination based DNA manipulation is found within several different
cellular pathways, rendering RecA essential for numerous processes within bacterial cells. Such
processes include bacterial conjugation followed by recombination of newly introduced genetic
material, DNA repair, SOS mutagenesis, and cell division (66,67). RecA is present in virtually
all prokaryotic organisms, and homologues are found within eukaryotes and archaea as well,
since recombination is ubiquitously essential for DNA maintenance and the continuum of genetic
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variability (66,67). The primary function of E. coli RecA (EcRecA), however, is realized at
replication forks that have stalled during DNA synthesis due to lesions or gaps in DNA (26).
Here EcRecA will utilize homologous and undamaged DNA to stimulate strand exchange in
order to initiate repair.
Not only is EcRecA the foremost important enzyme in HR, but it has also evolved
stimulatory characteristics for other enzymes involved in DNA repair. Specifically, EcRecA is
an important regulator of the SOS response within cells sustaining extensive DNA damage.
EcRecA is activated by binding to ssDNA and ATP, and in this state is responsible for binding
the repressor protein LexA, leading to its self-cleavage. This then promotes the up-regulation of
several genes involved in the SOS response (68,69).
RecA also aids in the SOS response by recruitment of proteins UmuC and UmuD’, which
as the UmuD’2C complex, comprise an error prone Y family polymerase known as DNA
polymerase V (70,71). This polymerase possesses lesion bypass activity and so is recruited by
EcRecA to the site of DNA lesions (70). Within the SOS response as well as in all instances
during which RecA is used, RecA is loaded filamentously onto the DNA not only to stimulate
other enzymes, but to perform its primary function within homologous recombination.
A large amount of information concerning the mechanisms of DNA repair within E. coli
has been clarified due to the extensive characterization of RecA. In light of the robust DNA
repair characteristics of D. radiodurans, its RecA homologue (DrRecA) has become a target of
interest in the development of a greater understanding of oxidative stress resistance strategies.
HR has indeed been shown to be a key component of repair within D. radiodurans, and DrRecA
is indispensable in complete genomic reconstruction following oxidative stress (56,57,72,73).
The RecA homologue within D. radiodurans, however, has been shown to behave quite unlike
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the prototypical EcRecA (56,57). Additionally, the amount of information currently available
for DrRecA is much more limited than that for EcRecA, so the stimulatory effects of DrRecA on
other repair proteins are poorly understood.
1.3.1 Homologous Recombination within Escherichia coli
The process of E. coli homologous recombination proceeds through several biochemical
mechanisms that have been uncovered through a network of studies. The most important protein
within E. coli recombination events is undoubtedly EcRecA, since it is involved in every form of
homologous genetic recombination with the exception of the RecE pathway (74). Many other
proteins, however, participate in the processing of the appropriate substrates for recombination
and the resolution of structural intermediates created during the recombination process. The two
most notable forms of recombination utilizing the actions of RecA are the RecBCD and RecFOR
pathways.
The RecBCD pathway is the most prominent form of homologous recombination within
E. coli. Upon incursion of a double-strand break, the first enzyme complex to act upon the
substrate in order to initiate recombination is the RecBCD holoenzyme (75). This is a relatively
large complex at about 330KDa and is comprised of three individual polypeptide units. Four
predominant activities are present within the complex that act to process DNA double-strand
breaks. These activities are the helicase functions of RecB and RecD, the nuclease activity of
RecB, and Chi-site recognition, largely thought to be achieved by RecC (75-77).
Figure 1.7 shows the various steps in DNA double-strand break end processing. The
modification of the homologous recombination substrate begins when the RecBCD complex
binds to the DNA. RecD binds to the strand with a free 5’ end and begins unwinding, in
accordance with its function, in the 5’-3’ direction. It does so simultaneously with, but more
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rapidly than, the RecB subunit, which works from the free 3’ end on the complementary strand
(78). RecB acts upon both DNA strands with its nuclease activity, cleaving the strand running in
the 3’-5’ direction (79).

Figure 1.7. General mechanism of RecBCD mediated Homologous Recombination initiation
(Adapted from reference (65)). The RecBCD complex binds to blunt end DNA (Step 1). The
complex begins to unwind DNA, with faster unwinding taking place on the strand with a free 5’
end, and digestion occurring on the strand with the free 3’ end (Step 2). When the Chi site is
recognized, RecB can no longer cleave in the 3’-5’ direction, while 5’-3’ cleavage is activated
(Step 3). The complex continues unwinding and cleaving the strand with the free 5’ end, while
RecA is loaded onto the ssDNA with the free 3’ end (Step 4). RecA mediated strand invasion
then begins (Step 5), followed by some combination of synthesis and/or branch migration,
catalyzed by additional cellular machinery (Step 6).
18

When the RecC subunit recognizes the Chi site on the 3’-5’ strand, degradation of this
strand is discontinued due to inaccessibility of the strand to the nucleolytic part of the complex.
The strands continue to be unwound by the helicase activity of RecB, and the 5’-3’ strand
continues to be cleaved back beyond the Chi site (75,78). During this time, the additionally
unraveled 3’-5’ strand is thought to be passed into a gap between the Chi-recognition site of
RecC and the RecB helicase (80,81). The RecBCD complex begins to load RecA in filamentous
form onto the ssDNA, which will then be responsible for a homology search and strand exchange
initiation within the genome (82).
RecBCD mediated repair within E. coli is implicated in response to the presence of blunt
end dsDNA templates. These arise either from breaks in the DNA induced by damaging agents
such as hydroxyl radicals; or during replication due to ssDNA breaks or lesions, which cause
replication fork demise (26). Alternative homologous recombination substrates are often found
in the form of DNA gaps created during various DNA damage repair pathways. Gaps can also
be caused by stalled polymerase on either the leading or lagging strand of DNA during synthesis
when a lesion is encountered (83). In the presence of these various gaps, the RecFOR pathway is
used in place of RecBCD mediated recombination (84,85).
Compared to the RecBCD pathway, the functions of the RecFOR proteins are not as
highly characterized. However, a good deal about their activities has been revealed, and their net
function produces results similar to those found in the RecBCD pathway. For this reason,
although the RecFOR proteins are typically used as recombination initiators at aforementioned
gaps in the DNA, the proteins can often complement recombination to nearly wild-type
efficiency in the absence of RecBCD enzymes (86). The pathway is initiated by the processing
of the free 5’end of DNA by the RecQ helicase and RecJ nuclease, creating a ssDNA gap that
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will then be coated with SSB (65,87,88). The exact roles of the individual RecF, RecO, and
RecR proteins remains unclear, but it has been shown that the proteins together bind to a free
5’end of DNA and thereby enhance the formation of the RecA nucleoprotein filament upon the
ssDNA by recruiting RecA to the SSB coated gap (83,89). It has also been shown that a RecFR
protein complex binds at the free 3’ terminal at the opposite end of the gap in order to obstruct
further binding of RecA in the dsDNA region (90). Once the RecA-ssDNA filament is formed it
can then catalyze the homology search upon dsDNA, similarly to its mechanism within the
RecBCD pathway (83).
Within either of the above mentioned pathways, the initial formation of the RecA
mediated heteroduplex intermediate confers a well-known recombination structure termed a
Holliday junction (Figure 1.7, Step 6). The structure is aptly named as it was discovered by
Holliday in 1964 (91). Upon formation of the Holliday structure, the free 3’ end of the invading
strand can be used to prime some extent of DNA synthesis with the intact strand serving as a
template (65). This structure is eventually resolved via migration of the branch caused by an
exchange of the DNA strands (92). Although RecA is itself capable of performing branch
migration to an extent, its HR functions typically end at this point, when a much more efficient
resolvase enzyme known as the RuvABC complex is commonly employed (93).
1.3.2 RecA in Deinococcus radiodurans Homologous Recombination
As discussed earlier, the current model for overall DNA repair within D. radiodurans
after extreme oxidative stress is thought to proceed via a mechanism known as Extended
Synthesis Dependent Strand Annealing (ESDSA) (22,56,57). Although the various steps of
ESDSA are not completely understood, DrRecA is thought to be important for various strand
invasion and HR type events throughout the process (22,56,57). To complicate further the
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functions of DrRecA within ESDSA, an execution of strand exchange has been shown for the
enzyme in vitro which differs from the classical model displayed by EcRecA.
The exact steps of strand exchange catalyzed by DrRecA are still being determined,
However, DrRecA preferentially forms filaments upon dsDNA and searches for an ssDNA
complement under certain conditions (72,73). While EcRecA can filamentous bind to dsDNA, it
displays large preference for ssDNA (94), and there are several differences noted between
DrRecA-dsDNA binding and EcRecA-dsDNA binding. Firstly, strand exchange initiated from an
EcRecA-dsDNA filament occurs only under extremely limited conditions (95).

Secondly,

EcRecA filaments formed upon dsDNA are typically longer than those constructed of DrRecA
(96). And finally, the extension of the DrRecA filaments is slow as compared to EcRecA, while
the initial nucleation of DrRecA to dsDNA is faster (96). Though these studies have indicated
that DrRecA may have an enhanced binding affinity for dsDNA over EcRecA, new evidence
also suggests that the addition of Single-Strand DNA Binding protein (SSB) promotes the
transfer of DrRecA filaments from dsDNA to ssDNA, indicating a higher versatility of DrRecA,
and complicating the precise mechanism of strand exchange in vivo (97).
In addition to the inverse strand exchange ability of DrRecA, its interactions with other
enzymes within D. radiodurans is also puzzling, given that a smaller number of proteins
generally found within HR pathways are present within D. radiodurans as compared to E. coli.
In fact, no homologues for the RecB or C proteins have been found in the D. radiodurans
genome (51,98). As highlighted above, this is the major pathway of HR substrate processing
within E. coli (75). Although D. radiodurans maintains a functional RecD helicase, it is unclear
what role it serves in DNA repair (99). Because of the absence of the RecBCD complex,
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emphasis has been placed upon the RecFOR pathway as the key initiator of DNA degradation
and ESDSA within D. radiodurans.
There are functional homologues for each of the proteins necessary for RecFOR mediated
repair within D. radiodurans. These homologues include RecF, RecJ, RecO, and RecR (51).
The exact role of each of these proteins in D. radiodurans is still an active area of investigation.
However, all of these proteins have been shown to be necessary for normal cell growth and
complete recovery after oxidative stress, especially the RecJ 5’-3’ exonuclease (100).
1.3.3 Characteristics of Escherichia coli and Deinococcus radiodurans RecA
An understanding of the mechanisms of RecA is important since HR events are utilized
within many different DNA manipulation pathways. Much of the information about the activity
of RecA has come from the structural and DNA binding studies of both EcRecA and DrRecA.
EcRecA is a monomeric protein consisting of 352 amino acids and weighing 37,842 Daltons
(101). DrRecA is 38,013 Daltons and possesses 361 amino acids, rendering it just larger than
EcRecA (72). Though the monomeric form of RecA is a relatively small protein, the functional
form of the enzyme is in extended, filamentous structures bound to DNA (26). Such filaments
may also form free of DNA, a phenomenon that is highly concentration and solution dependent,
and has been shown to compete with DNA binding (102-104). This free aggregation of RecA is
observed in homologues from various organisms, including those in the Deinococcus-Thermus
phylum (105).
EcRecA and DrRecA have very similar crystal structures and 56% identity of amino acid
sequence (Figure 1.8) (106). Again in the crystal structures, both EcRecA and DrRecA display
filament formation ability, and crystallize as six proteins in a symmetrical filament (107-111)
(Figure 1.8). The overall structure of the individual monomers is as follows: an N-terminal
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domain responsible for a great deal of the protein-protein interface, a core domain with the ATP
and primary DNA binding sites, and a C-terminal domain with the secondary DNA binding site
(107,112,113). Figure 1.8 indicates that DrRecA and EcRecA are very similar to one another,
and a great deal of homology and sequence conservation has been shown within all of the
regions implicated for functionality of the enzymes (107).

A

B

C

D

Figure 1.8. Crystal structures of RecA. (A) Escherichia coli RecA monomer (PDB file 1U99)
(113). (B) Deinococcus radiodurans RecA monomer (PDB file 1XP8) (107). Both proteins
crystalize as a six protein helical filament such as those shown in (C) for EcRecA (PDB file
1U94) (113) and (D) for Deinococcus radiodurans RecA (PDB file 1XP8) (107).
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Some important structural differences with respect to EcRecA have been noted in the
crystal structure of DrRecA. Most notably, there is a higher positive charge distribution present
within the central core of the DrRecA filament, which could be suggestive of higher electrostatic
contributions to the binding of DNA (96,107). Additionally, the DrRecA six protein filament is
the most compressed of any seen for other RecA homologues (107-111). EcRecA, when bound
to ATPγS gives a helical pitch of about 95 Å (114), whereas DrRecA only displays a filament
pitch of 67 Å (107). DrRecA is known to form shorter filaments upon DNA as compared to
EcRecA, which could be due to the fact that the filaments are more compressed, and that the
number of RecA monomers bound in DrRecA filaments is less than in EcRecA filaments (96)
Unlike DrRecA, the filament formation of EcRecA upon DNA has been an extensively
studied process. EcRecA binds filamentously in a 5’-3’ direction, forming a right-handed helical
filament, with a stoichiometry of three nucleotides per RecA monomer. It does so preferentially
upon ssDNA (94,115-118).

This filament formation proceeds through two distinct steps

(94,119). The first and rate limiting step is the nucleation of RecA during which an oligomer
composed of roughly six monomers binds to DNA. This event is followed by rapid filament
extension in the 5’-3’ direction (120).

The final filament takes several different forms,

depending upon the state in which it is bound. Specifically, it is in a collapsed state when bound
in the absence of nucleotide cofactor, or in the presence of ADP, with a helical pitch of about 64
Å (26,121). When ATP or non-hydrolysable ATP analogues are used, the RecA-DNA filament
is extended to a pitch of about 95 Å (26). This extended filament state is seen for binding to both
ssDNA and dsDNA, and binding to dsDNA has been reported to require the presence of ATP or
a non-hydrolysable ATP analogue (122-125).
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Once the extended and active filament of EcRecA is formed upon ssDNA, homologous
dsDNA has the potential to wrap around the RecA-ssDNA filament by fitting into the available
groove (26). Previous studies upon a human RecA homologue, Rad51, have indicated that
several bases, especially A-T pairs, can be exchanged at various places between the RecA
aligned DNA strands. This initial step is then followed by the exchange of the remaining bases
throughout the paired intermediate DNA heteroduplex (126).
RecA is a DNA-dependent ATPase, with a kcat of 30 per minute on ssDNA (26), and the
complete exchange of DNA by RecA is contingent upon its ability to hydrolyze ATP. Though
some extent of strand exchange can occur in the absence of ATP hydrolysis, the furthest extent
of strand exchange is only accomplished with the breakdown of ATP to ADP (127). This is an
extremely energy inefficient process, requiring about 100 ATPs for each annealed DNA base
pair (128). Although the role of ATP hydrolysis is unclear, several specific aspects within the
RecA strand exchange mechanism have been shown not proceed in its absence. Examples
include unidirectional strand exchange (127), exchange between four DNA strands where one of
the strands possesses a ssDNA gap (129), and exchange past structural barriers including regions
of heterology within the dsDNA template (129).
One clear role for ATP hydrolysis by RecA is its necessity for the disassembly of the
RecA filament. Although ATP is hydrolyzed throughout the filament, disassembly occurs in the
5’-3’ direction, just as assembly occurs (130). The ADP bound form of the enzyme nearest the
5’ end of the DNA allows for the beginning of filament disassembly, which will continue to
proceed until a free 3’ end of DNA is discovered (131).

Once the DNA has been fully

exchanged and the RecA is no longer bound, the heteroduplex will then undergo additional
processing by separate cellular machinery for full resolution of the recombination intermediates.
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Though the above highlighted studies have determined a great deal concerning the
mechanisms of EcRecA, observations of DrRecA have indicated differences in its functionality
when compared to EcRecA. Several in vitro studies of DrRecA have been performed, but
further enzymatic characterization is necessary to fully understand the differences between the
two proteins. Within this dissertation, I have collected thermodynamic DNA binding data for
DrRecA versus EcRecA under different solution conditions, which will be discussed in light of
their previously shown mechanistic differences.

These data are complemented by similar

characterizations of DrPol I, which is also extremely important within the repair mechanisms of
D. radiodurans.
1.4 DNA Polymerase I
The general class of enzymes known as DNA polymerases have the ability to synthesize
DNA in a template-dependent manner by adding nucleotide bases to an existing 3’ hydroxyl
group on a primer strand bound to a DNA template (132). There are seven families of DNA
polymerases that have been identified across all domains of life. These are known as classes A,
B, C, D, X, Y, and Reverse Transcriptase (RT) (133-135).
DNA polymerase I (Pol I) is a member of family A, and is one of the two most highly
characterized bacterial polymerases, along with DNA polymerase III (Pol III) from family C
(133). As is the case with RecA, the prototypical homologues of these enzymes come from the
enteric species, E. coli. E. coli also possesses three additional DNA polymerases, two from the
Y family, known as DNA polymerases IV and V (136,137), and one from the B family, called
DNA polymerase II (138). The latter three are solely involved in the repair of damaged DNA,
whereas Pol I and Pol III contain both replicative and repair functions (139-141).
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The importance of the multifaceted nature of Pol I in E. coli is evidenced by the fact that
it is the most abundant DNA polymerase in vivo (142). Despite this fact, Pol III is the primary
polymerase utilized during DNA replication (139).

Pol I serves only a secondary role in

replication by removing and replacing RNA primers with DNA, especially during lagging strand
DNA synthesis (139). This renders Pol I responsible for roughly 2% of all DNA synthesized
during normal DNA replication (143). However, Pol I is important for many aspects of DNA
repair within E. coli as well, including both base and nucleotide excision repair, where it is
utilized for short DNA gap filling after removal of damaged DNA (144-147) .
The specific functions of Pol I in organisms such as D. radiodurans, where DNA repair
seems to operate by unique mechanisms, are of particular interest. Pol I operates in both DNA
replication and repair processes, unlike other polymerases, which are often active in only one or
the other. Using studies conducted upon various bacterial Pol I homologues, the structure and
biochemical mechanisms of the enzyme are highlighted below.
1.4.1 Structure of DNA Polymerase I
The structure and domain organization of Pol I allow for several different functions upon
DNA. The enzyme can be divided into three separate domains, each responsible for a different
activity.

These domains are known as the 5’ nuclease domain, the 3’-5’ exonuclease

proofreading domain, and the polymerization domain (148-150).
The 5’ nuclease domain, which lies at the N-terminus of Pol I and is essential for
adequate replication and repair in vivo, possesses detrimental activity for the studies herein.
During replication, for example, it is thought to be responsible for the removal of the RNA
primers that begin each Okazaki fragment synthesized on the lagging strand of DNA (151).
Further, within nucleotide excision repair, this domain removes damaged nucleotides that will be
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replaced by the action of the Pol I polymerase domain (151). Since the focus of this dissertation
is placed upon the DNA binding characteristics of the proofreading and polymerase domains of
DrPol I, the 5’ nuclease domain has been removed to ensure that it will not degrade DNA.
A truncated Pol I fragment akin to this was originally created for studies of EcPol I, and
was named Klenow after its creator (152). This methodology for the study of Pol I has been
adapted for other organisms as well, including both T. aquaticus and D. radiodurans
(58,153,154). In order to keep the nomenclature consistent, the large fragment of T. aquaticus
Pol I was named “Klentaq” (154). In an attempt to follow this pattern I refer to the DrPol I large
fragment as “Klendra”.
Three separate organisms, E. coli, T. aquaticus, and Bacillus stearothermophilus have
had their Pol I large fragment domains crystalized (155-159). Figure 1.9 shows the crystal
structures of the Pol I large fragments from E. coli and T. aquaticus bound to DNA. Since the
common ancestor of the species represented here dates back over 3 billion years, and is predicted
to have preceded nearly all lineages of Eubacteria, a functional Pol I homologue is likely to be
present in virtually all Eubacterial species (160).
1.4.2 Polymerase Activity of DNA Polymerase I
The polymerase domains of Klenow and Klentaq can be subdivided, based on their
characteristic “half-open right hand” structure, into the “fingers”, “palm”, and “thumb”
subdomains (Figure 1.9)(156). The “fingers” subdomain is responsible for interacting with
dNTP’s that will become incorporated into the growing DNA strand, as can be seen in Figure
1.9, which illustrates the interaction of the Klentaq “fingers” domain with dTTP. The “thumb”
domain can be seen in both Klenow and Klentaq binding to the duplex region of the DNA being
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worked upon.

The “palm” domain, is where the substrates meet in order for the highly

conserved active site residues to catalyze nucleotide addition (156).

Figure 1.9. Crystal structures of Klenow and Klentaq. (A) Klenow (PDB file 1KLN) (155), and
(B) Klentaq (PDB file 4KTQ) (158). Each domain and subdomain is labeled. DNA is shown in
orange; and, for Klentaq, the bound nucleotide is shown as green spheres.
DNA synthesis at the active site of Pol I takes place in the 5’-3’ direction. The proposed
kinetic reaction steps leading to the formation of these bonds are shown in Figure 1.10 (161). A
primer-template DNA substrate must bind to DNA (step 1) along with a dNTP (step 2) while the
domain is in the “open” conformation. A conformational change is induced via the binding of
the dNTP, closing the enzyme down upon its substrates and bringing them together (step 3). The
formation of a new phosphodiester bond then proceeds via nucleophilic attack of the 3’ hydroxyl
group of the terminal primer nucleotide upon the α-phosphate attached to the 5’ carbon of the
dNTP (step 4). Once the dNTP has become a part of the primer strand, a reopening of the domain
is triggered (step 5). This then allows for the release of pyrophosphate (step 6), a reaction that is
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rapidly followed by the breakdown of pyrophosphate into two inorganic phosphates, rendering
the polymerization reaction virtually irreversible (142). After this reaction, the mechanism will
then either be repeated, or terminated if DNA is released (step 7).
𝟏

𝟐

𝟑

𝟔

𝟓

𝑬 + 𝑫𝒏 ↔ 𝑬𝑫𝒏 + 𝒅𝑵𝑻𝑷 ↔ 𝑬𝑫𝒏 𝒅𝑵𝑻𝑷 ↔ 𝑬𝒄𝒍𝒐𝒔𝒆𝒅 𝑫𝒏 𝒅𝑵𝑻𝑷
𝟕

7

4

𝑬+𝑫𝒏+𝟏 ↔ 𝑬𝑫𝒏+𝟏 + 𝑷𝑷𝒊 ↔ 𝑬𝑫𝒏+𝟏 𝑷𝑷𝒊 ↔ 𝑬𝒄𝒍𝒐𝒔𝒆𝒅 𝑫𝒏+𝟏 𝑷𝑷𝒊
Figure 1.10. The overview of the DNA polymerase nucleotide incorporation reaction (161)

Step four in the reaction above, representing the formation of a phosphodiester bond
between the dNTP and existing DNA primer strand, is facilitated through the anchoring of two
metal ions. These ions are generally either Mg2+ or Mn2+, and attach to conserved aspartate or
glutamate residues within the “palm” subdomain (148,155). The intermediate state of this
catalytic mechanism has been previously described for Klenow, and is shown in Figure 1.11
(134). One of the metal ions is responsible for stabilizing the 3’-OH on the end of the DNA
primer, so as to initiate the nucleophilic attack on the α-phosphate of the incoming dNTP. The
second metal ion will then chelate the β and γ-phosphates, stabilizing the negative charge on
oxygen, and leading to the eventual release of pyrophosphate.
1.4.3 Exonuclease Activity of DNA Polymerase I
Figure 1.9 shows similar interactions between the “thumb” subdomains of Klenow and
Klentaq with the duplex region of DNA. However, the structures in Figure 1.9 also illustrate an
interesting point of functional divergence, in that there is contact between the single-stranded
region of the DNA and the 3’-5’ exonuclease domain within Klenow that is not found in
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Klentaq. These structures, along with sequence alignments and initial characterizations of
Klentaq indicate a lack of functional exonuclease activity within the enzyme (148) (157).

Figure 1.11. The polymerase mechanism of DNA Polymerase I (Adapted from reference (134).
Two metal ions are responsible for the stabilization of the β and γ-phosphates of the incoming
nucleotide, as well as the deprotonation of the 3’ hydroxyl group on the growing DNA strand.
Water molecules are shown as black dots.
The structural conservation of the proofreading domain is consistent within Pol I
homologues, as well as within various other DNA polymerases, and general cellular
exonucleases (162,163). Enzymes with this mechanistic conservation are grouped together as
the DEDD family of exonucleases, named after the four residues which characteristically
contribute to the catalytic mechanism. These residues are an aspartate, followed closely by a
glutamate, and two additional aspartates further down the polypeptide chain (163). In Klenow,
the precise residues are Asp 355, Glu 357, Asp 424, and Asp 501 (164).
By the coordination of the four DEDD anionic amino acids, a double metal ion
mechanism is created at the exonuclease active site that cleaves the 3’ terminal nucleotide on the
primer strand of DNA (Figure 1.12) (165). One metal ion is held in place that will stabilize the
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deprotonation of a water molecule, and allow for the nucleophilic attack of the resulting
hydroxyl group upon the phosphate between the nucleotides. An additional metal ion will
stabilize the transition state by interacting with both the phosphate group and the terminal
oxygen left after cleavage of the adjacent nucleotide (165-167).

Figure 1.12 The exonuclease reaction mechanism of DNA Polymerase I (Adapted from reference
(165)). Two metal ions are used for the stabilization of the intermediate states necessary to
catalyze the nucleophilic attack of the phosphate group by an incoming hydroxyl. Water
molecules are shown as black dots.
Without the necessary metal ions the exonuclease function is abolished. Given that none
of the DEDD amino acids required for metal binding are present within the Klentaq exonuclease
domain, it is not surprising that Klentaq lacks proofreading activity. The loss of proofreading
activity has been shown to decrease the fidelity of Klenow, and is seemingly a disadvantage for
maintenance of genomic integrity (168,169).

For this reason, we speculate within this

dissertation as to the evolutionary significance of a Pol I homologue lacking a functional
proofreading domain.
1.4.4 DNA Polymerase I within Deinococcus radiodurans
Because D. radiodurans possesses an interesting and novel strategy for its DNA repair
after extreme oxidative stress, the enzymes involved in this repair are an important subject for
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examination. This is especially true for DNA polymerases, of which there are a small number
within D. radiodurans. Though five different classes of DNA polymerases are found in E. coli,
the D. radiodurans genome sequencing project revealed only three. These are representatives of
polymerase families A, C, and X (51). Pol I and Pol III, again representing families A and C,
respectively, have been shown to be integral in DNA damage repair within D. radiodurans, as
discussed above, and have also been implicated to perform their usual activities in DNA
replication (56). PolX has been shown to be a repair polymerase specifically, and could possibly
function in a pathway related to Base Excision Repair, where it would perform lesion bypass and
short patch synthesis (170).

Polymerases such as IV and V in E. coli are error-prone

polymerases that are upregulated in response to excessive DNA damage through what is known
as SOS repair, a pathway that seems absent within D. radiodurans (171,172).
The sequenced genome annotation of DrPol I shows 956 amino acids with a molecular
weight of about 106 KDa (51). This is quite similar to the size of EcPol I, which is 928 amino
acids and 103 KDa (173). Both of the enzymes, however, are notably larger the thermophilic
TaqPol I, which is 832 amino acids in length with a weight of 94 KDa (173). In terms of amino
acid sequence identity and similarity, DrPol I has is 47% identity with TaqPol I, and 35% with
EcPol I (58).
Very little study has been conducted on DrPol I to date. Several important features are
known, however, which justify its further examination. DrPol I seems to be essential for WT
resistance to oxidative stress, although mutants devoid of DrPol I will eventually recover from
DNA damage, albeit at a much slower pace than WT D. radiodurans cells (56,57). The studies
from the lab of Miroslav Radman suggesting this have also indicated DrPol III as the primary
repair polymerase during the ESDSA pathway (56). Because DrPol I has been shown to possess
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lesion bypass and strand displacement synthesis activities (58), it is thought that when these
regions are encountered within the repair process, DrPol I can function where DrPol III stalls.
This suggestion can be further validated with direct binding studies indicating which substrates
DrPol I has a preference for.
Within this dissertation I present further characterization of DrPol I by examination of its
large Klendra fragment. I do so by showing thermodynamic characterization of its stability
when exposed to various solution conditions. Further, under those conditions which promote
binding of Klendra to DNA, I examine its binding affinity for different DNA substrates.
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CHAPTER 2. ENHANCED DNA BINDING AFFINITY OF RECA PROTEIN FROM
DEINOCOCCUS RADIODURANS
2.1 Introduction
Escherichia coli RecA (EcRecA) protein has been extensively characterized as a
recombinase enzyme involved in the preservation of genomic integrity via its role in the
homologous recombination process (reviewed in (65,66)), and comparisons of EcRecA to other
bacterial homologues have revealed high amounts of structural and functional conservation
(174). RecA has been determined to be essential for DNA repair after radiation damage in the
highly radiation resistant bacterium Deinococcus radiodurans, participating in both homologous
recombination, its primary function in any system, and a unique repair pathway known as
extended synthesis dependent strand annealing (ESDSA) (24,56,57,175,176).
A handful of studies of D. radiodurans RecA (DrRecA) have revealed many similarities
and a few notable variations from the EcRecA biochemical mechanism (72,73,96). Catalysis of
strand exchange by DrRecA is initiated from dsDNA, in contrast to the typical initiation from
ssDNA found for EcRecA and other RecA homologues (73). EcRecA filaments formed on
dsDNA are longer than those formed by DrRecA (96). The extension of DrRecA filaments is
slow compared to EcRecA, while the initial nucleation of DrRecA is faster (96). DrRecA can
form an "inactive" RecA-ATP-dsDNA complex that does not immediately hydrolyze ATP upon
binding, unlike EcRecA (97). Plus, DrRecA shows variations in its interactions with its cognate
single-stranded binding protein (SSB) relative to the E. coli system (97).
By directly examining the thermodynamics of the binding of DrRecA and EcRecA to the
same DNA constructs under identical solution conditions, this study reveals further details of this
mosaic of similarities and differences between the two proteins. For example, the findings
described herein indicate that both proteins bind preferentially to ssDNA at longer DNA lengths,
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suggesting that DrRecA's kinetic preference for initiating strand exchange from dsDNA (73) is
more complicated than direct binding preference. Further, in contrast to EcRecA where ATP
causes an increase in DNA affinity, DrRecA binds DNA significantly tighter in the absence of
ATP. The results of this study thus also suggest that under metabolic stress, in the absence of
excess ATP, the DNA binding of DrRecA will be strongly enhanced, and biased toward dsDNA
breaks and ends. The results of these direct binding studies both refine and extend several
previously established mechanistic differences between the two proteins.
2.2 Materials and Methods
2.2.1 Escherichia coli and Deinococcus radiodurans RecA Purification
Clones of both EcRecA and DrRecA were gifts from the Michael M. Cox laboratory at
the University of Wisconsin. Protein purification was carried out using procedures from the Cox
laboratory as previously described (72,177). Upon completion of purification, protein was
dialyzed into storage buffer containing 10mM Tris, 25mM potassium glutamate, 10mM DTT,
and 50% glycerol at pH 7.5 and stored at -200C until use.

Protein concentrations were

determined for both proteins using a BSA standard curve and the Bradford method (178).
2.2.2 DNA Oligomers
Single-stranded and double-stranded DNA oligomers were utilized at three different
lengths, 13 bases/basepairs, 20bases/basepairs, and 63 bases/basepairs. All DNA was purchased
from Integrated DNA Technologies (IDT) and ssDNA templates were 5’ end labeled with
Rhodamine X (ROX – absorbance λmax = 583; emission λmax = 605). The oligomers used, and the
position of the ROX label on each oligomer, are indicated in Table 2.1. For dsDNA titrations,
unlabeled complementary strands were annealed to the ROX labeled ssDNA oligomers.
Calculated ΔG values for the most prominent predicted secondary structures for each of the
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ssDNA substrates as determined by the mfold program (179) are: -0.21 Kcal/mol for 13mer; 0.21 Kcal/mol for 20mer; and -3.02 Kcal/mol for 63mer, indicating that only the ssDNA 63mer
might contain some secondary structure. It has been reported that in the absence of SSB,
complete filament formation by RecA on ssDNA is inhibited by secondary structure (180).
Table 2.1. DNA substrates used for RecA binding studies. *denotes position of ROX label.
13-mer

5’- *TCGCAGCCGTCCA -3’

13/13-mer

5’- *TCGCAGCCGTCCA -3’
3’- AGCGTCGGCAGGT -5’

20-mer

5’- *TCGCAGCCGTCCAAGGGTTT -3’

20/20-mer

5’- *TCGCAGCCGTCCAAGGGTTT -3’
3’- AGCGTCGGCAGGTTCCCAAA -5’

63-mer

5’- *TACGCAGCGTACATGCTCGTGACTGGGATAACCGTGCCGTTTGCCGACTTTCGCAGCCGTCCA -3’

63/63-mer

5’- *TACGCAGCGTACATGCTCGTGACTGGGATAACCGTGCCGTTTGCCGACTTTCGCAGCCGTCCA -3’
3’- ATGCGTCGCATGTACGAGCACTGACCCTATTGGCACGGCAAACGGCTGAAAGCGTCGGCAGGT -5’

2.2.3 Fluorescence Anisotropy Titrations
All titrations were performed using a Horiba Fluoromax-4 spectrofluorometer. Unless
otherwise indicated, titration buffer contained 25mM potassium-acetate and10mM Tris-acetate,
pH 8.0. For each titration, one of the DNA substrates listed in Table 2.1 was brought to a final
concentration of 1nM in a cuvette containing 2mL of the standard reaction buffer, and then
protein was titrated into the cuvette. Each additional amount of protein titrant was allowed to
equilibrate with stirring at 25oC for 8 minutes prior to anisotropy measurement. See reference
(181) for a review of the titration method. For titrations performed in the presence of ATPγS or
ADP, 1mM magnesium acetate and 100µM cofactor were added to both the starting solution in
the cuvette and the protein titrant.
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2.2.4 Glutamate Dependence of Binding
Fluorescence anisotropy titrations were performed in the presence of the single-stranded
13mer substrate shown in Table 2.1 in a solution containing 10mM Tris at pH 7.9. DNA
concentration was fixed within both the cuvette and the titrant solutions at 1nM.

Protein

concentrations were fixed in both the cuvette and the titrant solutions at 50nM for DrRecA and
500nM for EcRecA. The cuvette contained no potassium glutamate, while the titrant solution
contained 3.5M glutamate which was gradually added to the solution in the cuvette to obtain the
curves shown.
2.2.5 Filament Formation Kinetics
To examine whether RecA free filament formation occurred under the DNA binding
solution conditions, a series of turbidity measurements were carried out using the procedures
described by Wilson and Benight (182). Absorbance measurements were taken every minute for
30 minutes at 320nm to monitor the potential for RecA to form filaments in the absence of DNA
under the binding titration conditions examined.

These experiments were performed on a

Shimadzu UV-1650 pc spectrophotometer at 25oC with a protein concentration of 1µM, and a
fixed slit width of 2nm.
2.2.6 Data Analysis
All titrations were analyzed with both the Hill and the McGhee-von Hippel binding
isotherms. The Hill cooperative binding isotherm was used to obtain an overall Kd apparent and
Hill coefficient. Fits were performed using the program KaleidaGraph (Synergy Software).
Data were fit to the equation:
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(Equation 2.1)

𝜃𝑚𝑎𝑥 [𝑃]𝛼
𝜃=
[𝐾𝑑 ]𝛼 + [𝑃]𝛼

Where θ is the fractional saturation; P is the total protein concentration; Kdapp is the
apparent dissociation constant; and α is the Hill coefficient.
Data were also analyzed with the McGhee-von Hippel binding isotherm (183), which is
designed to describe systems where multiple identical ligands bind non-sequence specifically to
the effectively one-dimensional DNA lattice. The equation was used in the following form:
(Equation 2.2)

𝜐 = 𝐿𝐾 (

𝑁−𝑛+1
𝑁

(2𝜔−1)(1−𝑛𝜐)+𝜐−√[1−(𝑛+1)𝜐]2 +4𝜔𝜐(1−𝑛𝜐)

) (1 − 𝑛𝜐) [

2(𝜔−1)(1−𝑛𝜐)

1 − (𝑛 + 1)𝜐 + √[1 − (𝑛 + 1)𝜐]2 + 4𝜔𝜐(1 − 𝑛𝜐)
[
]
2(1 − 𝑛𝜐)

𝑛−1

]

X

2

Where L is the concentration of ligand (RecA); K is the association constant; n is the
binding site size; υ is the binding density; and ω is the cooperativity parameter.

The

parenthetical expression ((N-n+1)/N) a modification for the use of a finite DNA lattice where N
is the number of individual nucleotide units on the given lattice and n is the binding site size
(184). In order to obtain fits to the McGhee-von Hippel isotherm, plots were generated for
fractional saturation as a function of free RecA concentration as described (185). The observed
midpoint of the curve (Kdapp in the Hill equation fits) was then used as the predicted value of
1/Kω. The value n, which corresponds to the binding site size, was set to 3 based on previously
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reported stoichiometric values of both EcRecA and DrRecA binding to either dsDNA or ssDNA
(73,115). Values of K and ω were then determined iteratively using described guidelines (185).
The parameter K in the McGhee-von Hippel analysis represents the isolated binding of a single
protein to the DNA. When the isolated protein interacts with a neighboring protein, its binding
affinity is enhanced by ω, the cooperativity factor, to yield a binding affinity of Kω, or an
affinity of Kω2 when flanked on both sides. For comparison then, 1/Kω best approximates the
average binding affinity reported by Hill equation fits (Kdapp), while KdMvH represents the initial
binding affinity.
2.3 Results
2.3.1 Comparative Binding Affinities
Figure 2.1 shows equilibrium binding curves for DrRecA and EcRecA to ssDNA and
dsDNA 63mer oligomers. Binding is shown in the absence of cofactor (panels A and D), in the
presence of ATPS (panels B and E), and in the presence of ADP (panels C and F). Titrations in
the presence of cofactors also contained 1mM Mg-acetate. All other solution conditions are
identically matched for these titrations. In the absence of cofactor (panels A and D), binding
affinity is tightest for ssDNA for both species of RecA, but the relative difference between the
affinity for ssDNA over dsDNA is larger for EcRecA. The relative concentration ranges in
panels A and B reflect the significantly tighter binding affinity of DrRecA over EcRecA for both
ssDNA and dsDNA. The fitted Kdapp values determined with the Hill equation, and KdMvH values
from McGhee-von Hippel analysis are reported in Tables 2.2 and 2.3. In the absence of cofactor,
DrRecA binds 63/63mer dsDNA 8 fold tighter than EcRecA when using MvH analysis and 20
fold tighter when using Hill analysis. For 63mer ssDNA, DrRecA binds about binds about 5 fold
tighter than EcRecA regardless of the analysis used.
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Figure 2.1. Substrate selectivity comparison of DrRecA and EcRecA. Representative equilibrium
binding titrations fit to the McGhee-von Hippel cooperative isotherm are shown for DrRecA (AC) and EcRecA (D-F) binding to 63mer ssDNA (circles) and 63/63mer dsDNA (squares) at
25mM potassium-acetate, 10mM Tris-acetate, pH 8.0 in the absence of cofactor (A & D), in the
presence of 1mM Mg-acetate and 100µM ATPγS (B & E), and in the presence of 1mM Mgacetate and 100µM ADP (C & F).
Table 2.2. DNA binding parameters from fits to the Hill Equation.
DrRecA
DNA Substrate

13mer
13/13mer
20mer
20/20mer
63mer
63/63mer
63mer ATPγS
63/63mer ATPγS
63mer ADP
63/63mer ADP

Kdapp
(nM)

Hill
Coefficient

97±12
46.9±1.5
49.7±2.5
35.1±0.9
17.9±0.4
41.1±1.3
133±7
407±11
355±15
ND

1.60±0.12
2.72±0.22
1.92±0.16
2.53±0.15
1.86±0.06
1.68±0.08
1.01±0.05
1.55±0.05
1.26±0.04
ND

EcRecA
ΔG*
(Kcal/
mol)
-9.25
-10.00
-9.96
-10.17
-10.57
-10.08
-9.38
-8.72
-8.80
ND

Kdapp
(nM)

Hill
Coefficient

1008±29
986±49
440±12
731±24
111±7
895±38
75±7
670±59
929±18
2943±114

2.10±0.10
1.61±0.09
2.22±0.12
1.09±0.02
1.43±0.11
1.25±0.03
1.35±0.16
1.21±0.08
1.51±0.03
1.43±0.03

*Calculated from errors envelopes on Kd, all DG values are ± < 0.1 Kcal/mole
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ΔG*
(Kcal/m
ol)
-8.18
-8.19
-8.67
-8.37
-9.49
-8.25
-9.72
-8.42
-8.23
-7.55

Table 2.3. DNA binding parameters from McGhee-von Hippel analysis.
DrRecA
KdMvH

EcRecA
KdMvH

ΔG*
ω
(nM)
(Kcal/mol)
(nM)
742±119
7
-8.11
15907±42
15
13mer
1143±71
25
-8.11
9983±693
10
13/13mer
593±51
12
-8.49
7408±255
15
20mer
751±31
22
-8.35
2614±136
4
20/20mer
116±17
12
-9.46
646±89
9
63mer
413±17
12
-8.70
3577±376
7
63/63mer
741±49
5
-8.36
353±49
5
63mer ATPγS
3429±124
8
-7.45
3507±417
5
63/63mer
ATPγS
2312±149
7
-7.68
8720±229
9
63mer
ADP
ND
ND
-7.83
20776±1129
7
63/63mer ADP
*Calculated from errors envelopes on Kd, all DG values are ± < 0.1 Kcal/mole.
DNA Substrate

ω

ΔG*
(Kcal/mol)
-6.55
-6.82
-7.00
-7.62
-8.44
-7.43
-8.80
-7.44
-6.90
-6.39

Panels B and E show binding curves obtained in the presence of ATPS, a nonhydrolyzable ATP analog. Most notable is the fact that the binding affinity of DrRecA in the
presence of ATPS is now much closer to the affinity of EcRecA. This convergence of affinities
occurs mostly due to a significant decrease in DNA binding affinity for DrRecA in the presence
of the cofactor. In contrast, the presence of ATPS slightly increases the affinity of EcRecA for
DNA. These relationships are illustrated in graphic form in Figure 2.1. Panels B and E of
Figure 2.1 also show that for this length of DNA, in the presence of ATPS, ssDNA binding is
still favored by both species of RecA, and it can be seen that the relative difference in ssDNA
versus dsDNA affinity remains larger for EcRecA than for DrRecA. Specifically, the affinity
difference between ssDNA and dsDNA is about 3-5 fold for DrRecA, whereas EcRecA displays
an affinity preference of roughly 8-9 fold for ssDNA.
The data in panels A-C of Figure 2.1 showing that the highest affinity binding state for
DrRecA is in the absence of cofactor are a reversal of what has long been established for
EcRecA. Several studies have reported that the binding of EcRecA to contiguous (unbroken)
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dsDNA requires the presence of ATP or a non-hydrolyzable ATP analog such as ATPS (122125). For EcRecA binding to these shorter DNA oligomers, ATP is clearly not required, but
does enhance the binding of the E. coli protein. The binding of both EcRecA and DrRecA to
dsDNA observed here is possibly due to binding at the ends of these DNA oligomers. Viewed in
this light, the results of Figures 2.1 and 2.2 suggest that in the absence of cofactor, dsDNA
breaks might be a preferred binding target for DrRecA protein.
Binding of the two species of RecA to 63mer DNA in the presence of ADP is also shown
in Figure 2.1, and reported in Tables 2.2 and 2.3. The presence of ADP strongly decreases the
affinity of EcRecA for DNA, as reported previously, and has a similar effect on DrRecA. Only
data for DrRecA binding to ssDNA are shown, as the presence of ADP inhibited binding
measurements of DrRecA for dsDNA with our assay. It should be noted that while the exact
numbers change, all of the relative relationships among the DNA binding affinities discussed
throughout this report hold for both Hill and McGhee-von Hippel analyses of the binding data.

Figure 2.2. Relative binding affinities for EcRecA and DrRecA for 63mer ssDNA and 63/63mer
dsDNA in the absence and presence of ATPγS. The affinity of EcRecA (open bars) is set to 1.0
and the relative affinity of DrRecA is shown (solid bar). Panel A shows the relative relationships
using Kdapp values from the Hill equation. Panel B shows relative relationships using the KdMvH
values from McGhee-von Hippel analysis. Error bars show standard deviations of the relative
affinities when using the fitted values from Tables 2.2 and 2.3 ± the reported fitted errors. Each
bar represents only 1 fitted curve.
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2.3.2 Length Dependence of ssDNA Binding
Figure 2.3 shows the effect of oligomer length on the DNA binding affinity of DrRecA
and EcRecA in the absence of cofactor. Both proteins show a significant length dependence in
their affinity for ssDNA (panels A and B), and very little length dependence for dsDNA binding
(panels C and D). The lack of length dependence for dsDNA binding again emphasizes that for
these short oligomers, the dsDNA binding is likely end-binding. Also again, comparison of the
concentration axes of the plots re-emphasizes the significantly tighter binding of DrRecA versus
EcRecA to all DNA constructs in the absence of cofactor. Figure 2.3 also shows plots of lnKa
values (from both Hill and McGhee-von Hippel analyses) versus ln of the DNA length to
illustrate the difference in length dependencies (steeper slopes for ssDNA binding), and to show
where preferred binding switches between ssDNA and dsDNA for the two proteins. The switch
point, where the lines cross, for both proteins is in the range of 13-30 nucleotides, depending
upon the mathematical analysis used. Therefore, at DNA lengths less than this range, dsDNA
binding by both proteins will be tighter than ssDNA binding, while at longer lengths, ssDNA
binding will be favored by both proteins. It is interesting to note that the McGhee-von Hippel
equation predicts that the intrinsic binding affinity of a non-sequence specific binding protein
should stay the same regardless of the length of DNA (183). This is often practically not the
case, however, as has been seen with other DNA binding proteins, potentially pointing to
undetermined sequence binding specificity that changes with DNA length (186).
2.3.3 Salt Dependence of Binding
The 20mer oligonucleotide substrates were used to examine if changing salt
concentration significantly affected the binding of either DrRecA or EcRecA. As can be seen in
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Figure 2.4, the predicted linkages at low salt (25mM to 5mM) indicate very little change in
binding affinity for any of the DNA substrate-RecA homologue combinations used here.

Figure 2.3. Length dependence of ssDNA and dsDNA binding by RecA. Representative
equilibrium binding titrations fit to the McGhee-von Hippel cooperative isotherm are shown for
DrRecA (A & B) and EcRecA (C & D) binding to ssDNA(A & C) and dsDNA(B & D) at 25mM
potassium-acetate, 10mM Tris-acetate, pH 8.0 in the absence of cofactor. Triangles represent 63
nucleotide substrates, circles represent 20 nucleotide substrates, and squares represent 13
nucleotide substrates. (E): Ln-ln plot of Hill Ka (top) or McGhee-von Hippel K (bottom) versus
DNA length. Open symbols with solid lines represent DrRecA. Closed symbols with dashed
lines represent EcRecA. Diamonds represent ssDNA while circles represent dsDNA.
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Figure 2.4. K-acetate dependence of ssDNA and dsDNA binding by RecA. The linkage plots of
Hill Kaapp in the absence of cofactor versus K-acetate concentration predict the net ion release
upon protein DNA interaction. Open symbols with solid lines represent DrRecA. Closed
symbols with dashed lines represent EcRecA. Diamonds represent ssDNA while circles
represent dsDNA. The slopes of the dsDNA plots are -0.24±0.02 and -0.46±0.05 for DrRecA
and EcRecA, respectively. The slopes of the ssDNA plots are -0.10±0.03 and -0.12±0.17 for
DrRecA and EcRecA, respectively.

Previous studies indicating the enhancement of DNA binding by the large Klenow
fragment of DNA polymerase I with increasing concentrations of potassium glutamate prompted
examination of this effect when using either DrRecA or EcRecA (187). As can be seen from
Figure 2.5, both DrRecA and EcRecA can be displaced from DNA upon continuous addition of
potassium glutamate. This event is followed by some extent of rebinding to DNA as potassium
glutamate concentrations continue to increase. The trough of displaced RecA is much larger for
DrRecA, showing complete displacement at only about 0.1M potassium glutamate, and only
about 40% rebinding at 3.5M potassium glutamate, a concentration very near saturating salt.
EcRecA remains bound to some extent until about 0.5M potassium glutamate, and shows
complete signal return by 2M potassium glutamate. These results indicate a higher amount of
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salt sensitivity for DrRecA over EcRecA, but help to expand the rebinding studies in the
presence of glutamate shown for Klentaq and Klenow polymerase to include other DNA binding
proteins.

Figure 2.5. The glutamate effect on DNA binding by DrRecA and EcRecA. Fluorescence
anisotropy measurements were taken at incremental concentrations of potassium glutamate.
Squares with a dashed line represents DrRecA, and circles with a solid line represents EcRecA.
2.3.4 Cooperativity of Binding
The data of Figures 2.1 and 2.3 and Tables 2.2 and 2.3 also reveal subtle but consistent
differences between the cooperative binding of the two RecA species to these short DNA
oligomers. When binding dsDNA, at all lengths, the binding cooperativity for DrRecA is always
stronger than the binding cooperativity of EcRecA. This is seen both in the presence and
absence of ATPS, and in both Hill and McGhee-von Hippel analyses of the binding curves. For
dsDNA binding done in the presence of ATPS, adding the cofactor always decreases the
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binding cooperativity. This is found for both EcRecA and DrRecA, and in both the Hill and
McGhee-von Hippel analyses. This consistent decrease in binding cooperativity in the presence
of ATPS, contrasts with its divergent effects on the binding affinities (Kdapp and KdMvH) of the
two proteins that was discussed above (slightly increasing the affinity of EcRecA, strongly
decreasing the affinity of DrRecA). There is also a consistent increase in the cooperativity of
binding for the shortest dsDNA substrate studied, the 13/13mer.

If binding to dsDNA is

primarily end-binding, this could be due to greater interaction between individual RecA proteins,
which are in closer proximity than when bound to the ends of the 63/63mer substrate. Binding of
the ssDNA oligomers does not appear to show any consistent trends in the cooperativity of
binding.
2.3.5 Filament Formation Kinetics
Under appropriate conditions, RecA can spontaneously form filaments without DNA, a
process that has been shown to be competitive with DNA binding (102). Such competition
would lead to an increase in the observed Kdapp and KdMvH values. The filament formation curves
shown in Figure 2.6 indicate that under the solution conditions used for the DNA binding
experiments, little or no free filament formation occurs. In contrast, we also examined solution
conditions known to support free filament formation (i.e., no monovalent salt and 10 mM
MgCl2).

Under these more optimal conditions there is a significant change in scattering

intensity that reaches a maximum at approximately 30 minutes for EcRecA and 20 minutes for
DrRecA.

It is notable that the maximal scattering intensity for DrRecA free filaments is

significantly lower than the maximal scattering intensity for EcRecA free filaments, suggesting
that DrRecA either forms fewer, or shorter free filaments in solution. This is interesting in light
of the prediction, based on nucleation and filament extension kinetics, that DrRecA will also
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form shorter filaments on dsDNA than will EcRecA (96,97). If fewer DrRecA monomers are
sequestered into individual filaments than are EcRecA monomers, then more DrRecA molecules
could be available for use in the repair of the greater number of tolerated dsDNA breaks.

Figure 2.6. Free filament formation kinetics of RecA in the absence of DNA. The change in
absorbance over time is plotted for (A) EcRecA, and (B) DrRecA under various solution
conditions. All solutions contained 10mM Tris, pH 8.0 and 1µM RecA protein. Circles are in
the presence of 10mM MgCl2; squares are in the presence of 25mM potassium-acetate; diamonds
are in the presence of 25mM potassium-acetate, 1mM MgCl2, and 100µM ATPγS; and triangles
are in the presence of 25mM potassium-acetate, 1mM MgCl2, and 100µM ADP.
2.4 Discussion
By directly comparatively examining the DNA binding behavior of homologous proteins,
it is possible to begin to understand how each homologue might be specifically adapted for its
own intracellular and physiological environment. RecA protein from D. radiodurans has been
identified as essential for the high oxidative stress resistance of the bacterium. As summarized in
the Introduction, a number of different recent studies have demonstrated that DrRecA and
EcRecA share many of the same structural, functional, and mechanistic features, but that
DrRecA differs from EcRecA in a few distinct ways (72,73,96,97).
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A major goal in

comparatively characterizing the two proteins is to potentially identify molecular features that
contribute to DrRecA's ability to facilitate the extraordinary DNA repair process that takes place
in D. radiodurans after oxidative stress damage.
Previous studies of EcRecA DNA binding have been conducted using a variety of
techniques, some of which include light scattering, filter binding, monitoring of fluorescently
modified DNA, and fluorescent dye displacement (102,188,189). Additionally, hydrolysis of
ATP has classically been used as an indirect method for monitoring binding activity (89,190192). However, both our data and recent data from Cox and associates demonstrate that ATP
hydrolysis should probably not be used as an indicator for direct DNA binding of RecA (97). In
the present study we utilize fluorescence anisotropy to monitor the direct binding of both species
of RecA to the same DNA oligomers under identical solution conditions.

Fluorescence

anisotropy has been utilized previously by several groups to characterize the direct binding of
EcRecA to DNA (193-195), and our results for ssDNA binding of EcRecA fall in the same
affinity range as those previously reported for ss39mers by Bar-Ziv and associates (193). Most
previous studies of EcRecA binding have been performed in the presence of ATPγS or ATP.
The present study, however, constitutes the first direct DNA binding measurements for DrRecA,
and we report affinity constants for the binding of both RecA homologues to short dsDNA and
ssDNA substrates: 1) in the absence of cofactor, 2) in the presence of ATPγS, and 3) in the
presence of ADP.
Binding of RecA to contiguous dsDNA has long been reported to require the presence of
ATP or a non-hydrolysable ATP analogue such as ATPγS (122-125). The present study appears
to be one of the first to examine direct binding of RecA to short defined dsDNA oligomers in the
absence of ATP or ATP analogues. We find that both proteins strongly bind dsDNA oligomers
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in the absence of any type of ATP cofactor, most likely because they are both end-binding to the
DNA, but somewhat surprisingly, DrRecA binds such dsDNA oligomers over an order of
magnitude more tightly than does EcRecA. Also, while the binding results for EcRecA follow
the previously defined hierarchy of substrate selectivity relative to cofactor presence (ATPγS >
No cofactor > ADP) (189), DrRecA demonstrates not just a reverse hierarchy, but an
exaggerated one (No cofactor >> ATPγS > ADP).
Free nucleotides such as ATP have been shown to be prone to oxidative damage which
could lead to their depletion and subsequent unavailability for use as substrates during periods of
oxidative stress within D. radiodurans (25,196-198). The binding results herein indicate that in
the absence of ATP, DrRecA will be significantly (upwards of 20 fold) more targeted toward
binding to dsDNA ends than would EcRecA. DrRecA will therefore have a much higher affinity
for damaged DNA if adenosine nucleotide pools are lowered by oxidative stress.
Within an oxidatively stressed D. radiodurans cell, dsDNA breaks are thought to be
produced via single damage events (22,30). In such an event, two single-strand breaks are
introduced directly opposite one another, and could potentially result from the passage of a
radical generated on one strand to the corresponding strand (199). Another possible way in
which dsDNA breaks could arise is through two separate damage events on opposite annealed
DNA strands within very close proximity where base pairing can separate, generating short
ssDNA overhangs. Within D. radiodurans, this latter type of damage has been suggested to
occur less than 3% of the time, indicating that most of the dsDNA breaks introduced into the D.
radiodurans genome during oxidative stress are either blunt-end or very nearly blunt-end
substrates (22,30).
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The binding studies herein therefore suggest that DrRecA could bind to these blunt-ends
in order to aid in repair within D. radiodurans. The organism is known to be missing RecB and
RecC (although it does have RecD), and is proposed to utilize the RecFOR pathway for
homologous recombination (100,200). Since the primary repair function of the RecBCD
complex initiates with dsDNA end-binding, it is possible that RecA might even contribute to that
process in the D. radiodurans RecFOR pathway.
The tighter dsDNA binding of DrRecA shown here could also be related to its role in the
unique process of Extended Synthesis Dependent Strand Annealing (ESDSA) in D. radiodurans.
Radman and associates have shown that DNA repair within D. radiodurans begins with ESDSA,
and have identified DrRecA as being integral in this synthetic process by enhancing the initial
DNA degradation necessary to produce ssDNA overhangs (22,56,57). RecA is also thought to
aid in the strand invasion of these overhangs that will serve to prime synthesis of intact dsDNA
templates (22,56). Certainly a higher affinity for dsDNA ends would be advantageous in the
initiation of these processes, especially enhanced binding to the ds break sites where DNA
degradation is initiated. In fact, an enhanced affinity for dsDNA ends in the absence of ATP
may be a key requirement for DrRecA's ability to initiate ESDSA, and may also explain why
EcRecA does not fully compliment the oxidative stress resistance phenotype of DrRecA
knockout mutants (175).
This study also demonstrates that in the absence of cofactor, DrRecA also binds to
ssDNA nearly an order of magnitude more tightly than does EcRecA. This is not simply an endbinding effect as RecA has long been known to form filaments on ssDNA in the absence of
cofactor (26,121), and a number of previous binding studies of EcRecA to short ssDNA
oligomers have been published (191,193,194). RecA will thus be significantly more likely to be
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found in ssDNA filaments in D. radiodurans than in E. coli. The fact that DrRecA binding to
both ds and ssDNA is significantly enhanced in the absence of ATP or ATP analogues relative to
EcRecA suggests that DrRecA is responsive to oxidative damage and depletion of ATP/ADP in a
way not seen in E. coli.
It should be noted that within these studies, the DNA substrates used possess a GC
content of 69%, 60%, and 59% for the 13mer, 20mer, and 63mer substrates, respectively. This is
important in light of the fact that the D. radiodurans genome is about 67% GC, which falls
within the range of the substrates measured (1). Sequence specific binding preferences have
been shown for EcRecA (191,193), and further studies are necessary to indicate whether DrRecA
shows preference for binding to GC rich DNA.
Previous work has indicated clear length dependence for the binding of EcRecA to
ssDNA (191). Our data confirm this phenomenon and demonstrate that DrRecA shares the same
characteristic: Figure 2.3 shows that both species of RecA bind tighter to dsDNA at shorter DNA
lengths (< 13-30 bases/bp), and both bind tighter to ssDNA at longer oligomer lengths. It should
be noted that the finding that DrRecA binds longer lengths of ssDNA more tightly than longer
lengths of dsDNA does not directly refute the finding from Cox and associates that DrRecA
prefers to use an "inverse pathway" to initiate strand exchange from dsDNA (73), although it
does refine the understanding of those results. These results are fully compatible for several
reasons: 1) the preference of DrRecA for initiating strand exchange from dsDNA is a kinetic
result, not a binding affinity measurement. The fact that equilibrium binding to target "A" is
tighter than binding to target "B" is not incompatible with the fact that the reaction may proceed
more efficiently (or exclusively) from "B". 2) The kinetic data actually track the end result of a
multi-step reaction, of which only the very first step is DNA binding, and Cox and associates
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report that the initial binding to ssDNA in these reactions is faster than initial binding to dsDNA
(9). 3) Our binding data also show that DrRecA discriminates less between dsDNA and ssDNA
than does EcRecA (the relative binding affinities for ssDNA and dsDNA are closer together for
DrRecA).

This result lends some support to an inverse strand exchange mechanism by

suggesting that in a mixture of ssDNA and dsDNA, DrRecA will bind significantly to both,
whereas the binding population in a similar mixture with EcRecA would be more heavily
dominated by ssDNA bound complexes.
More so than most DNA binding proteins, the behavior of RecA is profoundly affected
by all aspects of its environment, including the buffer used (201), the temperature and pH of the
solution (97,188,202), the sequence of the DNA (even though it is ostensibly non-specific) (193),
and so forth. This higher than typical behavioral plasticity means that any study of RecA should
be only cautiously extrapolated beyond the specific conditions of that study without direct
evidence that particular changes would have minimal effect, such as the weak dependence on Kacetate concentration shown in Figure 2.4. In this study, we chose frequently used solution
conditions in previous studies of RecA to directly compare the binding of EcRecA and DrRecA
to short ssDNA and dsDNA oligomers, and found a number of mechanistically interesting
differences and similarities between the two species of RecA that may have physiological
relevance. It is likely that a broader survey of solution conditions and substrates will continue to
display other functional relationships between the two proteins, and might reveal additional
species-specific modulation of their individual DNA binding characteristics.
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CHAPTER 3. STABILITY OF KLENDRA WITH VARYING SOLUTION CONDITIONS
3.1 Introduction
Deinococcus radiodurans is well known for its high levels of resistance to oxidative
stress due largely to its ability to repair its genome after extensive damage. An examination of
proteins known to be involved within D. radiodurans DNA repair is therefore important for a
comprehensive understanding of the organism’s survival strategies.

Several reviews of D.

radiodurans highlight enzymes commonly associated with DNA damage repair, and point to
their demonstrated involvement in D. radiodurans repair processes (1,22,34). Examples include
proteins discussed in the introduction to this dissertation, such as RecA, the RecFOR complex,
the RuvABC complex, and DNA polymerase I (1,22,34).
Of the enzymes known to participate in D. radiodurans DNA repair, DNA Polymerase I
(Pol I), encoded for by the polA gene, is of particular interest since it has been shown in several
studies to be essential for complete wild-type ionizing radiation resistance (56,57,106). Gutman
and colleagues first characterized features of the polA gene from D. radiodurans and its product
by sequencing and insertional mutagenesis (106).

This study showed that removing polA

produced strains of D. radiodurans which were extremely sensitive to ionizing radiation (106).
The importance of the polA gene product was further substantiated by Mattimore et al. when
they showed that several of their ionizing radiation sensitive strains of D. radiodurans contained
mutations in the polA gene (19).
Pol I homologues such as those from Escherichia coli and Thermus aquaticus have been
extensively characterized. In general, the protein has three separate enzymatic functions, each
contained within a separate domain (149,150,153). These domains are the 5’-3’ nuclease domain
at the amino terminus, a polymerization domain at the carboxyl terminus, and a 3’-5’
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exonuclease proofreading domain bridging the two. Though the structure of DrPol I has not
been solved, regions of high conservation point to the presence of each of these domains, and the
sequence homology between EcPol I and DrPol I is 53.1% (106).
The initial examinations of DrPol I by Gutman and coworkers, as well as several other in
vivo studies, have indicated the importance of the enzyme in D. radiodurans DNA repair
(56,57,106). Very little in vitro characterization of the enzyme has been conducted, however,
resulting in little knowledge of its functionality relative to other Pol I homologues. The present
study focusses upon comparisons of the thermodynamics of the structural stability of DrPol I to
previous results collected for Pol I from E. coli and T. aquaticus.
Some of the thermodynamic studies previously conducted upon E. coli and T. aquaticus
Pol I include temperature and salt dependence of binding, free energy of folding and binding,
and melting temperature in different solution conditions (203-208). Much of this work has
focused specifically upon the large fragments of these enzymes, known as Klenow from E. coli,
and Klentaq from T. aquaticus (152,154). These fragments have the amino terminal nuclease
domain removed, leaving only the 3’-5’ proofreading domain (inactive in Klentaq) and the
polymerization domain (148,157). The thermodynamic studies herein are likewise upon the
large fragment of DrPol I (hereafter referred to as Klendra). Much like Klenow and Klentaq,
Klendra has had its amino terminal nuclease domain removed. Klendra is predicted to be
structurally similar to both Klenow and Klentaq, and is somewhere in between the two in terms
of overall stability. Klendra is mesophilic, unlike the extremely stable Klentaq polymerase,
which it is evolutionarily most similar to. Unlike Klenow, however, Klendra has a wide range of
pH stability, making it much more acid tolerant, and rendering it more similar to Klentaq in this
regard.
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3.2 Materials and Methods
3.2.1 Expression Plasmid and Cloning of Deinococcus radiodurans DNA Polymerase I
Greg Thompson and Carmen Ruiz, previous members of our lab group, originally cloned
the full length D. radiodurans pol gene from PCR amplified Deinococcus radiodurans R1
genomic material provided from the John Battista laboratory here at Louisiana State University.
The gene was amplified with NcoI and BamHI restriction sites on the amino and carboxyl
terminus, respectively, and then inserted into a pET15b expression plasmid.

The original

Klendra large fragment of the pol gene was then sub-cloned using primers containing the same
restriction sites, and inserted again into a pET15b expression vector, creating plasmid pGT003.
Klendra was first expressed as a 598 residue fragment consisting of amino acids 358-956 of
DrPol I.
3.2.2 Klendra Purification Protocol
Plasmid pGT003 was transformed into Rosetta2 (DE3) cells purchased from Novagen.
These cells were inoculated into 100mL of LB media containing 100µg/mL ampicillin and
15µg/mL chloramphenicol and allowed to grow for 12-16 hours at 37oC. 25mL of these cultures
were then transferred to 1.2L of LB containing 100µg/mL ampicillin, 15µg/mL chloramphenicol,
20mM glucose, and 5mM MgCl2, and grown to an optical density of 0.5-0.7 at 600nm. The cells
were then induced with a final concentration of 1mM IPTG and allowed to grow for an
additional 4 hours at 27oC. Cells were then harvested by centrifugation at 15,000 rcf for 10
minutes using a Beckman JA-10 rotor and stored at -80oC until used for protein purification.
Cells were resuspended in 5mL/g lysis buffer containing 50mM Tris, 1mM DTT, 1mM
EDTA K+, 25% w/v sucrose, 15% glycerol, 1uL/mL pepstatin, 10mM PMSF, and 4 mM βmercaptoethanol, pH 7.5 at 4o C. 2mg/g lysozyme was added and the solution was stirred for 30
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minutes at 4oC. The solution was then sonicated with a Branson Sonifier 250 using an output of
5 and 10 X 2-second pulses three separate times, waiting 30 seconds in between each round of
sonication. Cells were then centrifuged at 75,000 rcf in a Beckman JA-25 rotor for 30 minutes.
The supernatant was collected and the pellet was resuspended in lysis buffer to be sonicated and
centrifuged again.

Supernatant was again collected and combined, followed by DNA

precipitation by stirring in 0.3 M NaCl for 15 minutes, and then 0.1% polyethyleneimine (PEI)
for 30 minutes. PEI was then centrifuged out with the same settings as before and protein was
precipitated using 60% w/v ammonium sulfate overnight. Protein pellets were then collected
using centrifugation at 75,000 rcf in a Beckman JA-25 rotor for 30 minutes and dissolved in
dialysis buffer (50mM Tris, 50mM KCl, 20mM ammonium sulfate, 1mM DTT, 15% glycerol,
10mM MgCl2, pH 7.5). The protein solution was dialyzed against dialysis buffer extensively
and then run through a Biorad Bio-rex 70 cation exchange column which had been equilibrated
using this buffer. The purpose of the Bio-rex column was to remove the residual PEI from the
protein mixture. Eluate was collected into various fractions and those containing protein were
determined through UV readings at 280nm. The fraction were then combined and concentrated
to about 10mL. The protein solution was then loaded onto a 30mL Uno-Q ion exchange column
and eluted into 60 fractions using a 0-500 mM NaCl gradient created in the above mentioned
dialysis buffer. Fractions containing Klendra were determined by denaturing SDS-PAGE and
then concentrated to about 10mL and dialyzed extensively against buffer containing 50mM KCl,
20mM ammonium sulfate, 1mM DTT, 15% glycerol, 10mM MgCl2, and 50mM acetate at pH
5.75. The solution was then loaded onto a 25mL heparin equilibrated to the same buffer and
eluted into 60 fractions using a 0-500 mM NaCl solution created in the above mentioned acetate
buffer. Fractions containing protein were determined once more by denaturing SDS-PAGE and

58

concentrated to about 5mL.

The final protein concentration was determined by Bradford

method, and protein was dialyzed extensively against storage buffer containing 10mM Tris,
25mM potassium glutamate, 10mM DTT, and 50% glycerol at pH 7.5 and stored at -20oC until
use.
3.2.3 Circular Dichroism Spectroscopy
All circular dichroism measurements were taken using a JASCO J-815 Circular
Dichroism spectrometer. For spectra measurement, a quartz cuvette with a 1cm path length was
used to analyze a 0.2mg/mL solution of Klendra with constant stirring.

Unless otherwise

indicated, the solution buffer contained 5mM MgCl2, and 10mM Tris at pH 7.9. Three
accumulations of each spectrum were taken in 1nm increments from 240nm to 200nm with a
scan rate of 50nm/minute, and averaged to obtain the final spectra.
3.2.4 Chemical Denaturations
600µL samples of 0.2mg/mL protein in the presence of varying urea or guanidine
hydrochloride concentration were incubated for 1 hour and analyzed by circular dichroism. FarUV CD spectra were acquired in triplicate and averaged from 221nm to 223nm with a scan rate
of 50nm/minute in a 2mm path length quartz cuvette. The solution buffer again contained 5mM
MgCl2, and 10mM Tris at pH 7.9. The concentration of urea and guanidine hydrochloride stock
solutions were determined using refractive index as described elsewhere (209-211).
For folding reversibility examination, solutions containing 1mg/mL Klendra and 8M
Urea were passed through a large Profoldin refolding column. Protein solutions were then
prepared containing 0.2mg/mL protein and various concentrations of Urea and CD spectra were
taken from wavelengths of 216nm to 226nm as described above.
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3.2.5 Thermal Denaturations
Circular dichroism (CD) measurements were taken in a 1cm path length, 4mL cuvette
with a protein concentration of 0.2 mg/mL from 221nm to 223nm. The scan rate was again set to
50nm/minute and the solution buffer contained 5mM MgCl2, and 10mM Tris at pH 7.9, or
10mM acetate at pH 6.0 and below. In some experiments, as is indicated below, 15% glycerol
was also added to the solution. Measurements were recorded in 1oC increments from 20oC up to
110oC with constant stirring. Identical conditions were used to monitor unfolding with light
scattering at 550nm. For such experiments, a Cary 100 Scan UV-Visible Spectrofluorometer
was used.
3.2.6 Data Analysis
The raw or normalized CD signal of the three monitored wavelengths from 221-223nm
was used to establish denaturation curves as the concentration of denaturant was increased.
Subsequently, data were fit using the nonlinear form of the linear extrapolation method (212):
(Equation 3.1)

∆𝜀 =

(∆𝜀𝑁 + 𝑚𝑁 [𝐷]) + (∆𝜀𝑈 +
1+

−(∆𝐺°𝑢𝑛𝑓𝑜𝑙𝑑𝑖𝑛𝑔 +𝑚𝐺 [𝐷])
𝑅𝑇
𝑚𝑈 [𝐷])𝑒

−(∆𝐺°𝑢𝑛𝑓𝑜𝑙𝑑𝑖𝑛𝑔 +𝑚𝐺 [𝐷])
𝑅𝑇
𝑒

Where ∆𝜀 is the CD signal at a given wavelength and denaturant concentration, [D], in
molarity. ∆𝜀𝑁 is the y-intercept of the native state baseline, and 𝑚𝑁 is the slope of the native
state baseline. ∆𝜀𝑈 is then the y-intercept of the denatured state baseline and 𝑚𝑈 is the slope of
the denatured state baseline. ∆𝐺°𝑢𝑛𝑓𝑜𝑙𝑑𝑖𝑛𝑔 is the extrapolated free energy of unfolding in the
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absence of denaturant, R is the gas constant, T is the temperature in Kelvin, and 𝑚𝐺 is the slope
of the calculated dependence of ∆𝐺 on [D].
Thermal denaturation curves were constructed again using normalized CD signal from
measurements from 221nm to 223nm. A modified form of the van’t Hoff equation was then
used to fit the data (213).
(Equation 3.2)

−Δ𝐻(1−

Δε = (𝑚𝑛 T + 𝑏𝑛 ) +

(𝑚𝑑 T + 𝑏𝑑 )𝑒

𝑅𝑇

−Δ𝐻(1−

1+𝑒

𝑅𝑇

𝑇
)
𝑇𝑚

𝑇
)
𝑇𝑚

Where Δε is the normalized CD signal at a given wavelength and temperature, T, in
Kelvin. 𝑚𝑛 is the slope of the native baseline, and 𝑏𝑛 is the y-intercept of the native baseline.
𝑚𝑑 is the slope of the denatured baseline, and 𝑏𝑑 is the y-intercept of the denatured baseline. Δ𝐻
and 𝑇𝑚 are the fitted enthalpy change and melting temperature, respectively. R is the gas
constant. In the case of three state unfolding curves, an additional term was added to the above
equation to compensate for the additional transition and baseline, yielding the form:
(Equation 3.3)
−Δ𝐻1 (1−

Δε =

(𝑚𝑛 T + 𝑏𝑛 ) + (𝑚𝑖 T + 𝑏𝑖 )𝑒
−Δ𝐻1 (1−

1+𝑒

𝑅𝑇

𝑅𝑇

𝑇
)
𝑇𝑚1

𝑇
)
𝑇𝑚1

−Δ𝐻2 (1−

+

(𝑚𝑑 T + 𝑏𝑑 )𝑒
−Δ𝐻2 (1−

1+𝑒
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𝑅𝑇

𝑅𝑇

𝑇
)
𝑇𝑚2

𝑇
)
𝑇𝑚2

Where mi and bi are the slope and intercept, respectively, of the intermediate baseline.
Δ𝐻 and 𝑇𝑚 are still representative of the fitted enthalpy change and melting temperature,
respectively. However, Δ𝐻1 and 𝑇𝑚1 refer to the transition between native and intermediate
states; while Δ𝐻2 and 𝑇𝑚2 refer to the transition between intermediate and denatured states.
3.3 Results
3.3.1 Structure of Klendra Polymerase
The original sequence alignments performed by Gutman and colleagues between full
length DrPol I and EcPol I indicate high amounts of identity within motifs commonly associated
with DNA polymerase I such as the fingers, palm, and thumb subdomains (106). Such regions
are predicted to exist throughout the polymerase, however, the large Klendra fragment of DrPol
I, has been most closely examined here, and a generated model of the enzyme using the online
SWISS-MODEL system is shown (214) (Figure 3.1). The model shows high similarity to the
known crystallographic structures of Pol I large fragment homologues such as Klenow and
Klentaq (155,158) (Figure 1.9). This is anticipated given that the SWISS-MODEL software is
using the PDB file 1qtm as a template for the Klendra model, which is a structure of Klentaq
polymerase (215). As is predicted from both this model and the Far-UV CD spectrum, the
enzyme is highly α-helical (Figure 3.1). The CD spectrum shown here is also nearly identical to
those previously reported for Klenow and Klentaq (205). The online K2D3 program predicts
about 80% alpha helical structure and 5% β-sheets (216), although the β-sheet formation seen
within the exonuclease domains of Klenow and Klentaq is not found in the Klendra model
(155,158).
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A

Figure 3.1. Overall structure of Klendra polymerase. (A) SWISS-MODEL predicted structure of
Klendra polymerase (214). (B) Far-UV spectrum of Klendra at 35oC.
3.3.2 Structural Stability
While Klendra is structurally similar to Klenow and Klentaq, the general stability of the
enzyme is a point of interest due to the enhanced capacity of D. radiodurans to withstand
oxidative stress, and because of the evolutionary closeness between D. radiodurans and the
extremophiles of the Deinococcus-Thermus lineage (1,9,10). Figure 3.2 displays the results of
chemical denaturations using both Guanidine-HCl and Urea for Klendra.

All chemical

denaturations show representative curves monitored at 221nm, 222nm, and 223nm.

When

Guanidine HCl is used as a denaturant, the observed ΔGunfolding is 8.3 kcal/mol. This is nearly
double the previously published value for Klenow of 4.3 kcal/mol, and much lower than the
value for Klentaq of 27.5 kcal/mol (206). When urea was utilized as an alternate denaturant, the
curves were similar to those obtained in the presence of guanidine, and the ΔGunfolding was 2.6
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Figure 3.2. Chemical denaturations of Klendra polymerase. All curves were generated by
monitoring chemical unfolding with CD at 221nm (circles), 222nm (diamonds), and 223nm
(squares). Denaturations by Guanidine HCl are shown in (A) before (open symbols) and after
(closed symbols) reversibility studies. (B) The data in (A) were subjected to alpha-curve
analysis as described elsewhere (217), along with data previously reported for Klenow (small
dashes) and Klentaq (large dashes) (206). Denaturation by Urea is shown in (C).
64

Kcal/mol higher, although the error envelopes for the two denaturants overlap (Table 3.1). In the
cases of both denaturants, a much steeper plateau exists at high levels of denaturant for Klendra
than for either Klenow of Klentaq. To compare the three proteins, the curves of their guanidine
HCl denaturations were subject to alpha curve analysis which normalizes the curves such that
both the native and denatured baselines are flattened and can be more directly compared (Figure
3.2) (217). After Klendra has been denatured in the presence of Guanidine HCl and subsequently
refolded, similar free energy values are observed when Guanidine HCl is again used to unfold
the protein (Table 3.1). The unfolding curves from the protein refolding experiments also show
significant overlap, indicating that the chemical unfolding of Klendra is reversible, and thus the
Gibbs free energies obtained are true thermodynamic parameters (Figure 3.2).
Table 3.1. Free Energy of unfolding for compared polymerases.
Guanidine HCl
ΔGunfolding (kcal/mol)
Klendra
8.3 ± 1.4
Klentaq
27.5 ± 3.5*
Klenow
4.3 ± 0.9*
*Data from reference (218)

Reversibility
7.6 ± 1.6
27.1 ± 1*
4.7 ± 0.2*

Urea
ΔGunfolding (kcal/mol)
10.9 ± 2.0
ND
5.0 ± 0.3*

3.3.3 Thermal Denaturations
Comparisons of Klendra to Klenow and Klentaq under solution conditions used to study
chemical unfolding proved problematic when thermally denaturing the enzyme. Specifically, the
protein has the tendency to precipitate out of solution easily under these conditions.

A

precipitate can be seen in a thermal denaturation with a protein concentration of 0.05 mg/mL
under these conditions. When CD is used to monitor these thermal unfolding events, curves
present with two transitions before fully unfolding (Figure 3.3).
To examine if this apparent three state model was due to aggregation which caused
subsequent precipitation of Klendra, thermal unfolding was monitored at 550nm to observe
65

potential light scattering by particle formation. Both CD and visible light curves can be fit to a
modified form of the van’t Hoff equation as described previously, with an additional term added
to account for the second transition (equation 3.3) (213). The predicted Tm values for unfolding
monitored by CD are 50oC and 86oC. Those monitored at 550nm are 59oC and 84oC. A close
examination of Figure 3.3 shows that the aggregation midpoint monitored by light scattering is
near the center of the intermediate state baseline monitored by CD.

The disaggregation

midpoint, however, coincides within 2oC of the second Tm predicted by the CD curve. The effect
seen here is therefore most likely due to an aggregation event that dissipates when temperatures
rise to around 85oC. This is further evidenced by the fact that precipitate within the solution is
diminished to some degree above 85oC.

Figure 3.3. Thermal denaturation curves monitored at pH 7.9 by CD at 221nm and by visible
spectroscopy at 550nm. Circles represent 221nm and squares represent 550nm.
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3.3.4 Dependence of Melting Temperature on Solution pH
Because the thermal denaturations under the above studied conditions did not yield twostate unfolding curves, a wide range of pH values were tested to find optimal denaturation
conditions. The overall dependence of secondary structure on solution pH is shown in Figure
3.4. Just as in chemical and thermal denaturations, wavelengths from 221-223nm are used here
to monitor overall structure changes in the enzymes with respect to changes in solution pH. The
alkali and acidic denaturation midpoints are at 11.8 and 2.4, respectively. This profile indicates a
much wider range of pH stability than previously reported for Klenow polymerase (208).

Figure 3.4. Dependence of CD signal strength on solution pH. Curves were generated by
monitoring with CD at 221nm (circles), 222nm (diamonds), and 223nm (squares).

Because of the wide range of pH stability for Klendra, the pH was incrementally
decreased and thermal denaturation was monitored by CD in an attempt to find a pH under which
no precipitate formed, and where a two-state unfolding model could fit the data (Figure 3.5).
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These data were collected in the presence of 15% glycerol, and at pH above 6.0, the protein
precipitates out of solution and causes the characteristic three-state pattern. This pattern is
changed into a clear two-state model at pH below 6.0, where the precipitate clears up.

Figure 3.5. Thermal denaturation curves at descending pH values. All curves were generated by
monitoring thermal unfolding with CD at 221nm (circles), 222nm (diamonds), and 223nm
(squares). (A) pH 7.75, (B) pH 7.0, (C) pH 6.5, (D) pH 5.75.
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To see which pH values below 6.0 enhanced the overall stability of Klendra, thermal
denaturations were collected at pH 6.0 and below. Buffer conditions used are identical to those in
the pH 7.9 studies, with the exception of using acetate as the buffer. Klendra displays optimal
stability at pH 5.75 with a Tm of 46oC (Table 3.2).
Table 3.2. Tm values for Klendra at different pH.
pH

Tm (C)

6.0
5.75
5.5
5.35
5.0

42.1±0.1
45.7±0.2
43.5±0.3
41.9±0.1
36.8±0.4

When pH is decreased below this value, the Tm values drop drastically with a slope of 12.8oC/pH unit (Figure 3.6). There is also a slight decrease when the pH is raised to 6.0.
Klendra precipitates easily out of solution in thermal denaturations above pH 6.0, however,
rendering the Tm dependence on increasing alkalinity difficult to determine.

Figure 3.6. Two-state thermal denaturation curves of Klendra. (A) Low pH representative
thermal unfolding curves monitored by CD at 221nm. Values of pH are: squares-pH5.75;
triangles-pH5.5; diamonds-pH5.35; circles-pH5.0.
(B) High pH representative thermal
unfolding curves monitored by CD at 221nm. Values of pH are: squares-pH5.75; circles-pH6.0.
(C) linear dependence of melting temperature on solution pH. The slope of the best fit line is
12.8oC/pH unit.
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3.4 Discussion
The evolutionary relatedness of Klendra, Klentaq, and Klenow presents an interesting
format under which to examine thermodynamic differences between mesophilic and
thermophilic protein pairs. Unlike E. coli, D. radiodurans and T. aquaticus are extremophilic
bacteria. Though the two possess very different phenotypes, their 16s rRNA homology and the
conservation of many indels throughout their genomes has placed them together in the
Deinococcus-Thermus phylum (9). The common ancestor of this phylum is generally thought to
be younger than that linking T. aquaticus and D. radiodurans to E. coli by about one billion
years (160). This closer evolutionary relationship provides potential for the examination of
thermodynamic parameters that are altered for adaptation to different environmental stimuli over
shorter evolutionary timelines. The results here show that Klendra displays a slightly more
stable profile when denatured by pH, temperature, urea, and guanidine HCl when compared to
Klenow. However, its stability is more characteristic of a mesophilic protein, unlike its close
relative, the extremely stable Klentaq (205,206,208).
Chemical unfolding of Klendra gives its stability a much closer association with Klenow
than with Klentaq. The ΔΔGunfolding between Klendra and Klenow is 4.0 kcal/mol, while the
ΔΔGunfolding of Klentaq and Klendra is 19.2 kcal/mol (206). The ΔΔGunfolding between Klenow
and Klentaq of 23.2 kcal/mol is extremely high when taking into account the differences between
other such mesophilic-thermophilic protein pairs (206). While the gap between Klendra and
Klentaq is less severe than that between Klenow and Klentaq, the extreme stabilization of
Klentaq renders it far more stable than its mesophilic homologues examined here.
Klendra did not yield thermodynamically analyzable denaturations at pH higher than 6.0.
Therefore, direct comparison to previously reported values for the other two proteins is not as
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straightforward as in the case of chemical denaturations. However, Klendra does display a twostate thermal denaturation curve at pH 6.0 and below, showing a maximum Tm of 46 o C at pH
5.75. This value, much like the chemical midpoint and ΔGunfolding for the protein in the presence
of Guanidine HCl, is much lower than the previously published value for Klentaq, and higher
than the value for Klenow reported near pH 8.0 (205,206). Since D. radiodurans is a mesophilic
organism and has an optimal growth temperature of 30oC (1,22), it is not surprising that Klendra
possess a reasonably low Tm. Klendra is, however, more stable than Klenow in the range of
solution conditions tested here, most notably over a wide range of pH.
D. radiodurans has been characterized as a neutrophile, and studies examining the effects
of low pH on the organism are sparse (22). However, in vitro examinations of D. radiodurans
repair proteins such as RecA have indicated greater functionality at pH below 7.0 (72,96,97).
Greater acidic stability for proteins specifically involved in the early stages of D. radiodurans
DNA repair may be reflective of a potential decrease in pH during periods of extreme oxidative
stress. Though this hypothesis has not been directly tested for D. radiodurans, oxidative stress is
known to result partly from the lysis of water into hydroxyl radicals, electrons, and protons (23).
Efficient scavenging and Mn redox cycling of the radicals formed within D. radiodurans
involves reactions requiring protons, but these reactions do not eliminate protons (Figure 1.3)
(23,35,39). These protons are instead recycled during Mn redox cycling, which could contribute
to a decrease in pH. Alkaline pH has indeed been shown to be detrimental for the full extent of
oxidative stress resistance reported for D. radiodurans, which has been attributed to a decrease in
Mn redox cycling, since protons are required for the redox reactions (Figure 1.3) (23). In
addition to the inability of Mn to efficiently execute redox cycling at high pH, the studies upon
Klendra herein may also indicate a decrease in repair protein functionality at alkaline pH.
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CHAPTER 4. DNA BINDING BY DEINOCOCCUS RADIODURANS DNA
POLYMERASE I KLENDRA FRAGMENT
4.1 Introduction
Deinococcus radiodurans DNA Polymerase I (DrPol I) has been implicated as a major
contributor to the robust DNA repair capacity of the organism (56,57,106).

Specifically, D.

radiodurans polA mutants complete genomic restoration five-fold more slowly than do wild type
cells (56). DrPol I is thought to aid in one of the prominent proposed mechanisms of DNA
repair within D. radiodurans, known as Extended Synthesis Dependent Strand Annealing
(ESDSA).
ESDSA is discussed in detail in the introduction to this dissertation, and in general
involves a large amount of preliminary DNA degradation followed by rapid and extensive DNA
synthesis after extreme oxidative stress (22,34,56,57). ESDSA is thought to begin when either
RecA or RadA recombinase catalyzes a strand invasion event that results in a primed DNA
substrate upon which DNA polymerase can act (56,57). Initial characterizations of ESDSA have
discussed the reliance of D. radiodurans upon the activities of two DNA polymerases to perform
synthesis (56,57).
While Pol I has been shown to enhance the oxidative stress resistance of D. radiodurans,
DNA Polymerase III (Pol III) is implicated as absolutely essential for DNA damage repair. By
employing a heat sensitive DrPol III mutant, Slade and colleagues showed the complete loss of
DNA synthesis immediately following irradiation of D. radiodurans cells lacking Pol III activity,
suggesting that the majority of ESDSA DNA synthesis is carried out by DrPol III (56). DrPol I
seems to perform a role only secondary to that of DrPol III within D. radiodurans DNA repair,
and polA mutant cells show eventual recovery, albeit much more slowly than in wild type cells
(56). In addition, targeted mutagenesis and replacement of DrPol I with Escherichia coli Pol I
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(EcPol I) seems to confer wild type resistance to oxidative stress induced by ionizing radiation
(219). These points emphasize the importance of a functioning Pol I within D. radiodurans
DNA repair, but present the question of where in the repair process Pol I might be aiding.
Chapter 3 of this dissertation discusses the structural stability of the large fragment of
DrPol I (Klendra).

Of major interest with regard to the findings was the fact that Klendra

polymerase appears to have greatest stability around a pH of 5.75.

Because initial

characterizations of the binding of Klendra to various DNA substrates was difficult to examine at
pH above 7, the structural studies indicating enhanced stability at lower pH were vital to
determining conditions under which the binding capacity of Klendra could be studied.
The studies herein characterize of the binding of Klendra to various DNA substrates. In
general, the results indicate a consistency between the pH dependence on stability of Klendra,
and its binding affinity for DNA. At pH 5.75, Klendra exhibits similar affinity for both ptDNA
and dsDNA at KCl concentrations above ~50mM, although there is deviation from linearity of
the thermodynamically linked ion release for Klendra binding to ptDNA at KCl concentrations
below ~50mM. In addition, like its homologue from Thermus aquaticus, Klendra seems to lack
the 3’-5’ exonuclease proofreading activity characteristic of many Pol I enzymes (149,150,153).
These findings, taken together with previous studies of Klendra, allow for a greater
understanding of how Pol I may function within D. radiodurans DNA repair.
4.2 Materials and Methods
4.2.1 Clones and Purification Protocol
Clones and purification of Klendra polymerase were carried out as described in Chapter 3
of this dissertation. As mentioned before, Carmen Ruiz and Greg Thompson were primarily
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responsible for the initial cloning procedures, and in part for the design of protein purification
strategies. I would like to express my gratitude for their efforts in this regard.
4.2.2 DNA Oligomers
The DNA substrates used for these studies are shown in Table 4.1. Sequences are
identical whether DNA is labeled or unlabeled, and all DNA was purchased from Integrated
DNA Technologies (IDT).

For fluorescence anisotropy measurements, DNA were 5’ end

labeled with Rhodamine X (ROX – absorbance λmax = 583; emission λmax = 605). The
sequences of the oligomers used and the position of the ROX label, if applicable, are indicated in
Table 4.1. For dsDNA and ptDNA titrations, unlabeled complementary strands were annealed to
the ROX labeled ssDNA oligomers.
Table 4.1. DNA substrates used for Klendra binding studies (*denotes position of ROX label).
13/20-mer

5’- *TCGCAGCCGTCCA -3’
3’- AGCGTCGGCAGGTTCCCAAA -5’

20/20-mer

5’- *TCGCAGCCGTCCAAGGGTTT -3’
3’- AGCGTCGGCAGGTTCCCAAA -5’

63/63-mer

5’- *TACGCAGCGTACATGCTCGTGACTGGGATAACCGTGCCGTTTGCCGACTTTCGCAGCCGTCCA -3’
3’- ATGCGTCGCATGTACGAGCACTGACCCTATTGGCACGGCAAACGGCTGAAAGCGTCGGCAGGT -5’

4.2.3 Fluorescence Anisotropy Assays
All titrations were performed using a Horiba Fluoromax-4 Spectrofluorometer. DNA
binding experiments were performed using the DNA substrates listed in Table 4.1. All titrations
were carried out in a buffer containing 1nM DNA substrate at 25o Celsius. Individual solution
conditions varied depending upon experiment, and are indicated where necessary. All Klendra
titrations contained 5mM MgCl2. For each titration, one of the DNA substrates was brought to a
final concentration of 1nM in a cuvette containing 2mL of the standard reaction buffer, and then
protein was titrated into the cuvette. Each point was allowed to equilibrate with stirring for 8
minutes prior to anisotropy measurement.

See reference (181) for a review of titration
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procedures. For pH dependence experiments titrations were all performed in buffer containing
5mM MgCl2, 50mM KCl, and 2mM PIPES at each indicated pH. For titrations below pH 6.0,
10mM Acetate was substituted for PIPES.
4.2.4 Glutamate Dependence of Binding
Fluorescence anisotropy titrations were performed in the presence of the primer-template
13/20mer substrate shown in Table 4.1 in a solution containing 10mM Tris, 15% glycerol, and
5mM MgCl2 at pH 7.9. DNA concentration was fixed within both the cuvette and the titrant
solution at 1nM. Klendra concentration was fixed in both the cuvette and the titrant solution at
100nM. The initial solution in the cuvette contained no potassium glutamate, while the titrant
solution contained 3.5M glutamate which was gradually added to the solution in the cuvette to
obtain the curves shown.
4.2.5 Urea Denaturation Gel Electrophoresis
Samples were incubated at 1µM protein and 1 µM DNA for each of the DNA substrates
shown in Table 4.1 at increasing time intervals at room temperature. Reactions were terminated
by addition of loading buffer (13% sucrose w/v, 10mM EDTA, 5M Urea, bromophenol blue, and
xylene cyanol in formamide) in the amount of four times the reaction mixture. A gel containing
15% acrylimide 8M urea, 20% formamide, and 1xTBE, was run for 30 minutes at a constant
30W. Gels were then stained with cyber green and visualized using UV light.
4.2.6 Data Analysis
For fluorescence anisotropy titrations, when [DNA] is << than Kd, equilibrium titrations
of Klendra to all DNA substrates examined fit well to the single site isotherm:
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(Equation 4.1)

𝐸
∆𝐴 𝑇 ( 𝑇 )
𝐾𝑑
∆𝐴 =
𝐸
1 + ( 𝑇)
𝐾𝑑
Where ∆𝐴 is the change in anisotropy, ∆𝐴𝑇 is the total change in anisotropy, 𝐸𝑇 is the
total enzyme concentration in nM, and 𝐾𝑑 is the dissociation constant of polymerase binding to
DNA (220). All non-linear fitting was performed using the KaleidaGraph program (Synergy
Software).
Ion release resulting from polymerase binding to DNA was determined using the
following linkage relationships for either KCl (Equation 4.2) or pH (Equation 4.3) when the
dependence of binding on either condition displayed a linear relationship (221):
(Equation 4.2)

1

1

ln (
) = 𝛥𝑖𝑜𝑛𝑠 ∗ ln[KCl] + ln ( 1𝑀 )
𝐾𝑑𝑜𝑏𝑠
𝐾𝑑
(Equation 4.3)

1
−log(𝐾𝑑𝑜𝑏𝑠 ) = 𝛥𝑖𝑜𝑛𝑠 ∗ −log[H + ] + log ( 1𝑀 )
𝐾𝑑
Where 𝐾𝑑 1𝑀 is the dissociation constant of polymerase binding to DNA extrapolated to
1M KCl or H+. The equation thus predicts a straight line where the slope gives the change in the
number of potassium and chloride ions associated with either macromolecule upon formation of
protein-DNA complex.
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It is often assumed that Δions refers only to the number of potassium ions dissociated from
DNA upon protein-DNA complex formation (221). The original derivation of equation 4.2,
however, suggests that the Δions can be described as the summation of the changes in chloride
ions associated with the protein (ΔnCl-P), potassium ions association with the protein (ΔnK+P),
and potassium ions associated with DNA (ΔnK+D) (221). Equation 4.2 can thus be rewritten to
include each of these contributions as such:
(Equation 4.4)

1
1
ln (
) = (𝛥𝑛Cl− P + 𝛥𝑛K + P + 𝛥𝑛K + D ) ∗ ln[KCl] + ln ( )
𝐾𝑑𝑜𝑏𝑠
𝐾𝑑

When the data for the dependence of the dissociation constants on salt concentration
resulted in a non-linear linkage relationship, the data were fit to a modified form of the previous
equation described by Fried and Stickle (222), which describes more extensively each of the
different ionic contributions from equation 4.4.
(Equation 4.4)

ln𝐾obs = ln[KCl] (K

+ Cl

−

+

[K + ]D

[KCl]
−
[(
)
(
𝑡𝑜𝑡𝑎𝑙
+
+ )]
[K + ]D + 𝐾dK
[KCl] + 𝐾dK
[Cl− ]D

[KCl]
−
[(
)
(
)] + 𝛥𝑛K + D ) + ln𝐾0
−
𝑡𝑜𝑡𝑎𝑙
Cl−
[Cl− ]D + 𝐾dCl
[KCl] + 𝐾d

Where K+total is the total number of potassium ion binding sites available on the protein,
[K+]D is the localized concentration of potassium ions condensed upon DNA, KdK+ is the
population average potassium ion dissociation constants of the protein,
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Cl-

total

is the total

number of chloride binding sites available on the protein, [Cl-]D is the localized concentration of
chloride ions condensed upon DNA, KdCl- is the population chloride ion dissociation constants of
the protein, ΔnK+D is the change in associated potassium ions from the vicinity of DNA upon
protein-DNA complex formation, and K0 is the extrapolated value of the equilibrium binding
constant between the protein and DNA at 1M salt (222).
Values of [M+]D and [X-]D have previously been estimated to be independent of bulk salt
concentration over the range of salt from 10mM to 1M, and are estimated to be about 2M and
2mM, respectively ((223-225). These values were therefore used for fits to the Fried-Stickle
equation, and the resulting value of ΔnCl-P for the fits were nearly zero at all salt concentrations
studied in these experiments. This term was therefore set to zero, a methodology that assumes
that the change in δln Kobs/ δln [KCl] with increasing [KCl] is dependent only upon potassium
ion uptake by the protein upon protein-DNA interaction (222). Fits with ΔnCl-P equal to zero
result in lower error and are in accordance with the methods of Fried and Stickle (222).
4.3 Results
4.3.1 DNA Binding Preference
In order to determine the structural selectivity of Klendra, early studies were performed
under buffer conditions that had previously been used to examine its homologues from E. coli
and T. aquaticus. The hierarchy of binding for Klenow and Klentaq to different DNA structures
was studied under solution conditions of pH 7.9, 5mM MgCl2, and 300mM or 75mM KCl,
respectively (204). Unfortunately, the binding of any DNA substrate at pH 7.9 for Klendra was
difficult to obtain in the absence of 15% glycerol. Therefore, glycerol was introduced into the
solution in order to compensate for the apparent weak affinity of Klendra for DNA at pH 7.9.
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The results in Figure 4.1 show the binding selectivity for Klendra for each of the three DNA
substrates shown in Table 4.1.

Figure 4.1. DNA binding by Klendra polymerase at pH 7.9. Titrations were performed in the
presence of 25mM KCl, 5mM MgCl2, and 10mM Tris at pH 7.9. Squares with a dashed line
represents binding to ptDNA. Circles with a solid line represents binding to dsDNA.

At 25mM KCl and 15% glycerol, pH 7.9, Klendra binds almost identically to dsDNA and
ptDNA. This pattern is similar to the low salt range (75mM KCl) results previously shown for
Klentaq (204). Klenow at slightly higher salt (300mM KCl) shows a binding preference for
ssDNA followed by ptDNA and then dsDNA (204). No sufficient binding isotherm could be
obtained for Klendra in the presence of ssDNA due to the fact that the interaction of Klendra
with ssDNA yields nearly no increase in anisotropy. While Klentaq displays a similar binding
preference to that of Klendra at low salt, binding titrations with sub-micromolar affinity have
been reported for Klentaq in the presence of single-stranded DNA at pH 7.9 (204).
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The

dissociation constants (Kd) for the Klendra titrations at pH 7.9 are compared with previously
reported values for Klenow and Klentaq in Table 4.2. Though Klendra maintains the ability to
bind DNA with nanomolar affinity in the presence of 15% glycerol at pH 7.9, it displays a
weaker ability than either Klenow or Klentaq to do so in the absence of glycerol (204).
Table 4.2. Binding constants (Kd) and ΔG values of compared polymerases.
Klendra
Klenow*
Klentaq*
Kd (nM)
ΔG
Kd (nM)
ΔG
Kd (nM)
ΔG
(Kcal/mol)
(Kcal/mol)
(Kcal/mol)
20/20mer 36.9±3.4
-10.1±0.06 29.5 ± 0.4 -10.3 ± 0.01
43.5±0.9
-10.0±0.01
13/20mer 50.9±3.9
-9.9±0.05
9.8 ± 0.3 -10.9 ± 0.02
43.6±0.9
-10.0±0.01
13mer
ND
ND
4.9 ± 0.1 -11.3 ± 0.01 1378.7±154.3 -8.00±0.06
* Data from reference (204). All titrations under similar conditions with the following
differences: Klendra titrations at 25mM KCl and 15% glycerol; Klenow titrations at 300mM
KCl; Klentaq titrations at 75mM KCl.
4.3.2 Dependence of Binding on Solution pH
Because of the previously established pH dependence on the stability of Klendra
polymerase reported in Chapter 3, the pH of the solution was successively lowered to determine
the effect on the ability of Klendra to bind the examined DNA substrates. Binding becomes
significantly tighter for ptDNA as pH is decreased, with an optimal binding being seen at pH
5.75. The same pattern is also displayed for dsDNA (Figure 4.2.). Unfortunately, no viable
titrations could be performed below pH 5.7 using ROX labeled DNA due to drastic signal
intensity decreases as pH drops below 6.0 (226). When using ptDNA, the logarithmic pH
linkage for Klendra displays a proton uptake of about 1.4 ions upon binding to DNA. This is
slightly higher than the uptake of about 0.9 when dsDNA is used as the substrate. The pattern
therefore indicates that the selectivity of Klendra for dsDNA over ptDNA is consistent over a
wide pH range, but much less exaggerated at a pH of 5.75.
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Figure 4.2. Dependence of DNA binding by Klendra and Klentaq polymerases on solution pH.
(A) Representative binding isotherms are shown for Klendra binding to dsDNA in 5mM MgCl2
and 10mM acetate at pH 5.75 (down triangles), and 2mM PIPES at pH 6.10 (up triangles), pH
6.50 (diamonds), pH 6.75 (squares), and pH 7.00 (circles). (B) Representative binding isotherms
are shown for Klendra binding to ptDNA in 5mM MgCl2 and 10mM acetate at pH 5.75 (down
triangles), and 2mM PIPES at pH 5.80 (up triangles), pH 5.99 (diamonds), pH 6.2 (squares), and
pH 6.28 (circles). Thermodynamically linked proton release plots of –log (Kd) versus pH are
shown for Klendra (C) and Klentaq (D). Squares with dotted line represent ptDNA and dsDNA
is represented by circles with solid line. These data were collected by Katelyn Jackson.
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Similar linkage data were collected for Klentaq polymerase binding to both ptDNA and
dsDNA. Though the binding of Klentaq to either dsDNA or ptDNA is enhanced by decreasing
solution pH, the enhancement is more subtle than that for Klendra. The proton uptakes predicted
for Klentaq binding to DNA are 0.7 ions and 0.3 ions for dsDNA and ptDNA, respectively.
These values render the linkage for dsDNA between the two homologues similar, while the
linkage for ptDNA is nearly 5fold larger for Klendra than that for Klentaq. The binding
constants (Kd) for all pH dependence titrations in this study are summarized in Tables 4.3 and
4.4.
Table 4.3. Binding constants and proton uptakes for pH dependence of Klendra polymerase.
pH
5.75
5.80
5.99
6.20

ptDNA
Kd (nM)
H+ uptake
56.8±2.0
96.7±4.6
140.6±4.0
1.40±0.14
295.3±19.3

pH
5.75
6.10
6.50
6.75

dsDNA
Kd (nM)
H+ uptake
40.4±1.0
70.0±5.6
172.7±16.5
0.90±0.05
269.0±17.1

6.28

359.5±49.1

7.00

548.0±33.5

Table 4.4. Binding constants and proton uptakes for pH dependence of Klentaq polymerase.
pH
5.70
6.00
6.50
7.00
7.50
8.00

ptDNA
Kd (nM)
H+ uptake
27.8±1.7
50.2±3.4
71.4±3.5
82.9±1.4
178.2±11.9
146.7±7.7

pH
5.70
6.00
6.50
7.00
7.50
8.00

0.32±0.06
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dsDNA
Kd (nM)
H+ uptake
ND
18.4±0.9
35.6±5.8
79.5±2.5
202.5±11.2
341.0±29.0

0.66±0.03

4.3.3 Salt Dependence of Binding
To examine the substrate selectivity of Klendra under a wider range of conditions, the
dependence of binding on solution concentrations of KCl was obtained at pH 5.75 for ptDNA
and dsDNA, and at pH 7.9 in the presence of 15% glycerol for ptDNA. The effect of varying
KCl concentrations on the binding of Klentaq and Klenow to a ptDNA substrate has previously
been shown (203,204). Figure 4.3 shows the results of individual fluorescence anisotropic
titrations fit to single site binding isotherms at various KCl concentrations for Klendra. The
thermodynamic linkage plots of these DNA binding titrations as a function of KCl concentration
yield different patterns for binding to ptDNA and dsDNA. Previous results reported for Klenow
and Klentaq display linear Wyman linkage patterns typical of many DNA binding proteins, such
that the negative slopes of the linear ln(1/Kd) versus ln[salt] plots indicate the net ion release
upon binding of each polymerase to the DNA substrate (203,204,227-230). The use of this
analysis for Klendra, however, becomes problematic for the interaction of Klendra with ptDNA
due to a non-linear linkage plot.
Other DNA binding proteins have previously shown such deviations from linearity at low
salt. In order to obtain appropriate fits to this non-linear data, the Fried-Stickle equation can be
used, an analysis which indicates that ions may be released or taken up in different capacities at
higher and lower concentrations of salt (222,231-235).

The data suggest that at KCl

concentrations greater than 50mM, the interaction of Klendra with ptDNA displays a net change
in the number of bound ions similar to that of Klendra binding dsDNA (Figure 4.3). At KCl
concentrations below 50mM, however, the negative slope of the ln(1/Kd) versus ln[salt]
decreases.
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Figure 4.3. Salt dependence of DNA binding by Klendra polymerase. (A) Representative binding
isotherms are shown for Klendra binding to dsDNA in 5mM MgCl2 and 10mM acetate at pH
5.75 at KCl concentrations of 125mM (down triangles), 100mM (up triangles), 75mM
(diamonds), 50mM (squares), and 25mM (circles). (B) Representative binding isotherms are
shown for Klendra binding to ptDNA in 5mM MgCl2 and 10mM acetate at pH 5.75 at KCl
concentrations of 125mM (sideways triangles), 100mM (down triangles), 75mM (up triangles),
50mM (diamonds), 25mM (squares), and 5mM (circles). (C) Thermodynamically linked ion
release of ln(Kd) versus ln(KCl) at pH 5.75 is shown for ptDNA (squares with dotted line) and
dsDNA (circles with solid line). (D) Thermodynamically linked ion release of ln(Kd) versus
ln(KCl) is shown for Klendra binding to ptDNA in 5mM MgCl2 and 10mM Tris at pH 7.9
(circles with solid line). Representative linkage plots previously published for Klentaq (long
dashes) and Klenow (short dashes) binding to ptDNA are shown for comparison (204).
84

The predicted change in the value of δln Kobs/ δln [KCl] for Klendra binding to ptDNA
with increasing salt concentration is most plausibly due to an uptake of potassium ions by
Klendra that occurs at low [KCl]. The value for ΔnK+P therefore changes with increasing [KCl],
contributing to the overall dependence of δln Kobs/ δln [KCl] on [KCl]. This pattern remains
regardless of the pH at which the interaction between Klendra and ptDNA is examined, although
the linkage at pH 5.75 displays a greater negative slope than that at pH 7.9 at KCl concentrations
less than 50mM. This could be due to an uptake of cations by Klendra at higher pH that is
somewhat diminished as more bulk protons become available to interact with the protein.
Unlike data reported for previous proteins showing non-linear linkage plots such as this,
Klendra has no positive slope in the low salt range. Such slope is thought to be produced within
a range of salt concentrations where the number of cations taken up by the protein exceeds the
number released from DNA upon interaction (222). Klendra displays either a flat (pH 7.9) or a
slightly negative (pH 5.75) slope in the low KCl range, which becomes more negative as the
concentration of KCl is increased (Figure 4.3). Tables 4.5 and 4.6 give the dissociation constants
for the various salt concentrations examined in the presence of both ptDNA and dsDNA at pH
5.75 and pH 7.9, respectively. Also indicated are the numbers of ions predicted to be released
specifically from the vicinity of DNA (ΔnK+D).
Table 4.5. Binding constants and ion releases for KCl dependence of Klendra at pH 5.75.
[KCl]
(mM)
5
12
25
50
75
100
125

ptDNA
Kd (nM)
18 ±1
26±2
39±1
64±2
138±9
358±15
651±47

[KCl]
(mM)
5
12
25
50
75
100
125

Δions

-5.9±1.0
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dsDNA
Kd (nM)
Δions
ND
ND
6.0±0.4
-2.56±0.1
40±1
112±5
217±11
368±6

Table 4.6. Binding constants and ion releases for KCl dependence of Klendra at pH 7.9.
[KCl]
(mM)
2
6
10
20
30
50
75
100
125
150

ptDNA
Δions

Kd (nM)
117±10
103±7
119±10
119±8
117±7
158±9
219±11
349±36
532±69
924±81

-5.2±1.4

Additional studies on the effect of varying salt concentration on the DNA binding of
Klendra were conducted by increasing the amount of potassium glutamate in the solution in
order to determine if Klendra could bind to DNA at high concentrations of glutamate, as has
been previously shown for Klenow and Klentaq (187). Much like the results for Klenow and
Klentaq, Klendra is outcompeted for binding to DNA at potassium glutamate concentrations of
about 500mM, but begins to rebind DNA at concentrations above 1M glutamate (Figure 4.4).
This rebinding event is thought to be driven by the osmotic release of water molecules from the
vicinity of DNA at high potassium glutamate concentrations (187). Complete rebinding of DNA
can be seen by about 2M potassium glutamate, indicating similar behavior of Klendra to Klenow
and Klentaq in this regard.
4.3.4 Absence of 3’-5’ Exonuclease Proofreading Activity
Consistently over the pH range examined for Klendra, no binding to ssDNA could be
found. Though binding to ssDNA has been reported for Klentaq, it shows a markedly decreased
affinity for ssDNA over ptDNA or dsDNA at low salt concentration (204). When compared to
Klenow, Klentaq shows much weaker binding to ssDNA across a wide salt range (203,204). The
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thermodynamically linked KCl ion release of Klentaq binding to ssDNA also shows about 1 ion
as compared to 2 for Klenow (204). These differences in affinity and DNA coverage have been
potentially attributed to the absence of proofreading activity within Klentaq (153,157,204).

Figure 4.4. The glutamate effect on DNA binding by Klendra. Fluorescence anisotropy
measurements were taken at incremental concentrations of potassium glutamate.

In order to determine if Klendra lacks proofreading activity, the protein was incubated
from 0 to 5 hours in the presence of 63/63mer dsDNA, and was compared to incubations in the
presence of either Klenow or Klentaq (Figure 4.5). The proofreading function of Klenow acts
upon a ssDNA substrate such as that which results from the displacement of the template strand
of duplex DNA, which is then brought to the exonuclease site (155). Even though the Klenow
mutant used in these studies has been modified in order to decrease exonuclease activity by
mutation of Asp 424 to Ala, residual activity still remains, which can be seen when Klenow is
incubated with dsDNA over the course of 5 hours (Figure 4.5). Klendra and Klentaq, on the
other hand, show no DNA degradation after even 5 hours of incubation.
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Figure 4.5. Absence of exonuclease activity for Klendra polymerase. Samples were incubated at
a ratio of 1:1 for 63/63mer DNA and Klendra (A), Klentaq (B), or Klenow (C). The time of
incubation in hours is shown above each figure.

There are at least seven amino acids known to be involved in the exonuclease domain of
Pol I (167). Of particular importance are three Asp residues and one Glu residue commonly
found in the family of enzymes fittingly called DEDD exonucleases (163). To examine the
conservation of proofreading activity across a wide array of bacteria, sequence alignments of Pol
I homologues were performed to search for the presence of DEDD amino acids (Figure 4.6).
Using representatives of the various bacterial groups alignments were performed with ClustalW
version 2.0 (160,236). Regions within these alignments where known EcPol I proofreading
amino acids are present are emphasized in Figure 4.6. No alignments of these amino acids can
be found in any Pol I representatives of the Deinococcus-Thermus group. This is also true for
many Pol I homologues from species predicted by the Battistuzzi and Hedges model to be more
closely related to Deinococcus-Thermus than to proteobacteria such as E. coli (160).
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Phylum
Deinococcus-Thermus
Deinococcus-Thermus
Deinococcus-Thermus
Deinococcus-Thermus
Deinococcus-Thermus
Deinococcus-Thermus
Deinococcus-Thermus
Deinococcus-Thermus
Deinococcus-Thermus
Solibacteres
D-proteobacteria
G-proteobacteria
B-proteobacteria
G-proteobacteria
A-proteobacteria
Z-proteobacteria
Bacteroidetes
Planctomycetacia
Aquificae
Fusobacteria
E-proteobacteria
Spirochaetes
Chlorobia
Thermatogae
Chlamydiae
Chloroflexi
Cyanobacteria
Mollicutes
Mollicutes
Bacilli
Bacilli
Clostridia
Clostridia
Actinobacteria

Species
D. geothermalis
D. deserti
D. radiodurans
T. aquaticus
T. thermophilus
O. profundus
M. ruber
M. silvanus
T. radiovictrix
S. usitatus
S. cellulosum
E. coli
N. meningitides
P. cryohalolentis
A. vitis
M. ferrooxydans
B. fragilis
G. obscuriglobus
A. aeolicus
F. necrophorum
C. jejuni
B. recurrentis
C. phaeobacteroides
T. maritima
P. acanthamoebae
C. aurantiacus
N. punctiforme
A. laidlawii
M. mycoides
B. licheniformis
S. carnosus
C. kluyveri
P. stomatis
M. tuberculosis

Alignment Region 3

Alignment Region 2

DVTWGYVLSREDDLTADLIAAATFDG-Q--DVVWGYVLSREDDLTAALTAAATFEA-S--GAVWGYVLSREDDLTAALLAAATFED-G--GAFVGFVLSRKEPMWADLLALAAARG-G--GAFVGFVLSRPEPMWAELKALAACRD-G--AWLGYVFDRAPEPMWAELGQLAAAWD-E--EAFLGYTLDRAQPMWANWLGLAAYAG-G--GAFLGFTMDRAQPMWAKLTGLAAAWD-G--GGSLGFVLSDVSPMTGELLELAVAAG-G--PVAVAITKSTEGEFALDMIAADTIGL-A--RLALDVLATSREPMSAHVCGVALACEPG--VFAFDTETDSLDNISANLVGLSFAIEPG--TIGIDTETTSLDAMNASLVGISIAFQAG--HFVIDTETTSVYWRQAELVGLSFAVQAH--FVAFDTETTSLDPMQADLVGVSLALQDNAAS
LIALDTETTSLQAHDAELVGLSFATRAG--ILALDTETTGTDPMDAELVGMSFSITEN--AFVFDLETAGLDPVHDPIVGYSFSWQKG--YLYLDTETTG------DRIRLVQIGDEE--KEMEDFSEEDKILLLYDRLGITCTFSQK--IIAFDTETTGLDTKEAKIVGFSFCMNEN--YIAIDTETTSINVYESNIIGISVSFKEF--ALAVDTETTSLDTFQAELVGISLSIKPK--SFAIDLETSSLDPFDCDIVGISVSFKPK--QICFDTETTDIQPLKAELVGIGFGIHPK--AFAFDTECTSLQPVASDLVGIS--IAIAPDPVAWDTETTALEPRDADLVGIGCCWGMQPDDLAIYFEFSDFNYHKAELWG----------INYLYVESLEEDYHKDKIIG----------PASLVVEQLGDNYHEAPILG----------EASIHFEVDEGDYLTADILK----------LEAED-MKNKLLYINFKVVDENSYAKNYIDK
VKDRGQIFMKVFRTDANILDQDVYMT----HAGDGRRAGLTVVGTHLPHGG------DATA

345
360
400
330
332
337
340
344
365
349
354
378
380
420
421
362
391
431
334
360
345
382
401
346
355
387
417
341
344
337
335
350
338
356

AKALAAHLSVRG-------TVVEP-AKALAAHLSVRG-------TVVDP-AKALAAHLSVRG-------TVVEP-AKDLSVLALREG-------LGLPP-AKDLAVLASREG-------LDLVP-AKDLTVWALREG-------VRARP-AKDLSVLALKEG-------VWVPP-AKDLAVLAGKEG-------LDIPP-AKALAVYAQRCG-------LEVRP-CDVKSAVLQLAR-------LGIEARG
HDVKFCEVILLR-------HRIGLVG
QNLKYDRGILAN-------YGIELRG
QNLKYDQHVFAN-------YGIALNG
QHLKYDAHILSL-------YDINLLG
QNLKYDYLVMKR-------HGIVIRG
HNLKYDAQVLRR-------AGIELAG
QNIKYDMLVLQN-------YGIEVRG
HNIKFDLIVLAA-------SGVELAG
HNLKFDLKYLYR--------YGIFPS
KIYTYHLKELYK--------LGFSFS
HNLKYDFKIIQN------NFDLNLPQ
QNYKFDYKVLKR-------HGFNVIS
QNLKYDLLVLKK-------YGIDINP
QNLKFDYKVLMV-------KGVEPVP
HNVKYDWHVLQN-------EGIQIQN
HNAKFDMEVLAG-------AGIKVSG
QNAKFDRLVLKC-------QGINLAG
YHYKGTKVFLK--KLGTE-FNH---YDIKKTTYLLKNHKYNVL-ASN---FDAKRAAVALR--WRGIE-LKG---YDAKKTYAEAH--RLNID-IKN---YDVKVPCSILH--RMGIK-LLG---YEMKADYVALK--PYGID-LRN---HEAKAAVHDLAG--RGWT-LEG----

Alignment Region 3
446
465
495
369
371
376
379
383
406
398
413
437
439
482
496
425
444
488
379
408
402
437
454
402
407
443
473
396
414
392
390
411
390
414

-AAITYRLLQDLPPHLD
-AAVTARLLRDLPPQLD
-AAITGHLLRELPPLLD
-AALSERLFANLWGRLE
-ALLSERLHQNLLKRLQ
-ALAARWLWREMSDALE
-AQAAHTLWETLQSRIG
-AQAAWLLWETLSARTQ
-AVATAELSRTLRPKLA
-ADITLELYEQLAPAID
FADVALSLTDALRPRLR
DADVTLQLHLKMWPDLQ
DADFALRLEAHLRAQMD
DADITYQLFDLFSKKLA
DADVTLRLWLVLKPRLA
DADIALRLTGLLSAQLL
DADVTLKLKNILEQELK
DADAALQLAAAFEPRLD
LRELFPKMRDMLNELDA
RAGVLYSCLDILEEDVK
DAYITLRFYLYFLKNLE
DADITFRLFNILRKKLK
DADLALRLQEVFKEKLL
DADITYRLYKTLSLKLH
DVDFTCRLKEVLEKQLK
DALYTLRLTERLQRQLE
DAYSTFGLVPKLREELD
KAYIIHKLMQQTLDVLT
KAYLLKKYSDQLIEQLK
KAKAISLLREKLLDELE
ILDAISESTPIMYDQLE
TLLFSR-LYSTLKKKIS
MLSTIIGSYPKMKKIID
RARAVIDLADALDAELA

499
518
548
421
423
429
432
436
459
454
494
517
518
570
575
505
524
568
455
484
478
513
533
484
487
522
549
474
492
469
467
471
471
492

Figure 4.6. Sequence alignments for 3’-5’ exonuclease activity. The sequences above were aligned using the ClustalW program
available through the European Bioinformatics Institute. The phylum names associated with each species are indicated. The amino
acids necessary for 3’-5’ exonuclease activity are shown in red.

89

4.4 Discussion
This is the first characterization of the DNA binding thermodynamics of the Klendra
fragment of DNA polymerase I from the oxidative stress resistant bacterium D. radiodurans. In
general, the results indicate that under all of the solution conditions tested, Klendra displays a
preference of binding to dsDNA over ptDNA, and no detectable binding to ssDNA. The
preference of binding dsDNA over ptDNA, however, is diminished to an almost negligible
difference as the concentration of bulk solution cations is increased, whether the cations
examined are potassium ions or protons.
The overall DNA affinity increase for Klendra as pH decreases is interesting in light of
the current models of DNA repair suggested for D. radiodurans. As discussed in Chapters 1 and
3 of this dissertation, previous examinations of the effects of Mn redox cycling within D.
radiodurans may produce an increase in proton concentrations due to initial radiolysis of water
molecules followed by recycling of protons by Mn redox reactions (Figure 1.3) (23). To date,
studies of the cellular pH dependence upon oxidative stress are not readily found. However,
Daly and colleagues note that cells at alkaline pH show decreased resistance to oxidative stress
induced by radiation (23). The observation that Klendra possesses greater DNA binding affinity
as pH decreases provides support for the idea that a Pol I homologue with enhanced binding
capabilities at lower pH is potentially advantageous due to the potential inverse correlation
between oxidative stress and cellular pH.
If the initiation of Extended Synthesis Dependent Strand Annealing is accomplished
during a period of decreased pH, a more pronounced enhancement of binding by Klendra to
ptDNA as pH is decreased might be suggestive of how DrPol I is involved within ESDSA. The
most recent models of ESDSA suggest that Pol I performs synthesis at DNA gaps created by
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excision of lesions where DNA Polymerase III might stall (22,34,56). These Pol I dependent
replication sites would maintain a ptDNA structure, and could have an additional piece of DNA
annealed on the primer strand in the 3’ direction from Pol I initiation of DNA synthesis (Figure
1.6). The large fragment of DrPol I has been shown to possess the displacement synthesis
activity characteristic of other Pol I homologues (58). EcPol I also has the ability to perform
strand displacement synthesis (133).

This coupled with the current findings that Klentaq

polymerase maintains high affinity for ptDNA at low pH could be a viable explanation as to why
the Pol I enhancement of D. radiodurans DNA repair can be complemented by substitution of
Pol I homologues other than DrPol I (219).
The salt dependence studies of Klendra also help to provide information on how Pol I
might act upon various substrates within D. radiodurans cells. Much like previous values
reported for Klentaq and Klenow polymerases, Klendra has a relatively low linked ion release
upon binding to either dsDNA or ptDNA as compared to other similarly characterized DNA
binding proteins (203,204,221,228,230).

Comparisons of the linked ion releases between

Klendra and Klentaq may suggest similarities in their binding modes when contrasted with
Klenow. Specifically, the linear linked ion release for Klendra to dsDNA, displays results very
similar to that of its close homologue Klentaq (204). This similarity linking a high capacity for
binding to dsDNA by these enzymes from extremophilic organisms might suggest a protective
function that could act to prevent some extent of DNA degradation caused by environmental
factors such as high temperatures or oxidative stress. Over a wide salt range, however, Klenow
polymerase displays the lowest affinity for dsDNA, potentially indicating a decrease in this
protective function (204).
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Klentaq has previously been shown to bind dsDNA and ptDNA very similarly over a
wide range of salt (204). The non-linear salt linkage of Klendra binding to ptDNA means that
only as [KCl] exceed 50mM does the polymerase bind with similar affinity to the two substrates.
This linkage provides an ion release from the vicinity of DNA of 5.9; a value which is more than
double previously reported values for the ion release when Klentaq binds ptDNA (204). The
higher number of ions predicted to be released from the vicinity of DNA (Δq) is expected
considering the implications of the fitting model, which suggest that δln Kobs/ δln [KCI]
approaches Δq only as the limit of high [KCl] is reached (222).
Of particular interest is the decreased capacity of either Klendra or Klentaq to bind
ssDNA, accompanied by an inability to degrade DNA. The binding preference of Klenow for
ssDNA is potentially due to the presence of an active proofreading domain which possesses 3’-5’
exonuclease activity upon an ssDNA substrate (167). The alignments herein, as well as the
original alignment of DrPol I with EcPol I by Gutman and colleagues show that few, if any, of
the DEDD amino acids required for proofreading activity within the Klenow 3’-5’ exonuclease
active site are conserved in Klendra (106). No significant alignment of these key residues can be
found in Klentaq either, an enzyme that is known to lack an active proofreading domain (153).
These data provide strong evidence for the notion that Klendra lacks a functional proofreading
activity.
It is possible based on the trends in evolutionary conservation of the DEDD amino acids
necessary for proofreading function to speculate on the origin of such an activity. Most species
more closely related to the Deinococcus-Thermus genus lack these amino acids. However, the
opposite is also true for those that are more closely related to E. coli. This trend raises the
question of whether this ability is a later adaptation of Pol I enzymes with close relation to E.
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coli, or if evolution of proofreading activity occurred earlier in the bacterial lineage and was
somehow selected against within the Deinococcus-Thermus lineage. According to phylogenetic
analysis, the oldest bacterium sampled within the alignments of Figure 4.5 is Thermotoga
maritima, from the phylum Thermotogae (160). All other organisms within Figure 4.5 are
predicted to have diverged from the Thermotogae roughly 4 billion years ago (160). The Pol I
representative from Thermotoga maritima contains the DEDD amino acids, suggesting that
organisms such as E. coli did not gain proofreading activity, but that it is more likely that those
closely related to Deinococcus-Thermus lost this activity in the course of natural selection.
The idea that an exonuclease activity ensuring the fidelity of genetic replication could
have been selected against is not unlikely. Pol I has the primary function of faithfully removing
RNA primers followed by replacement with DNA to fill the consequential gap between Okazaki
fragments during DNA synthesis. By performing this function, Pol I is responsible for roughly
2% of all DNA replication (143). Though this number is relatively small, the fidelity of the
enzyme can still have a drastic effect on the mutation rate of a bacterial cell. For example, the
replacement of the wild type Pol I by a polAexo- mutant in E. coli has been reported to result in
an increase in the individual nucleotide mutation rate of the lagging strand from 0.9-4.1 fold
depending on the base pair being exchanged (0.9 for G-C to A-T, and up to 4.1 for G-C to T-A)
(143). This increase, while modest, indicates that an exonuclease domain deficient in activity
can potentially introduce a mutator phenotype into a bacterial cell line. This phenotype could
potentially be beneficial by allowing for more rapid evolution to changing environmental
conditions.
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CHAPTER 5. CONCLUDING SUMMARY
Resistance to ionizing radiation is an interesting trait to possess when no environment on
earth exceeds roughly 400 mGy of irradiation per year (1). The effects of radiation upon
humanity have been well characterized given the many casualties experienced throughout history
via the exposure of humans to radiation. Absorbed doses less than 1Gy, 4000 fold less than the
dose originally used upon D. radiodurans prior to its successful isolation, are life threatening to
mankind (2). Though the emergence of ionizing radiation resistance within the DeinococcusThermus phylum seems only a consequential side effect of its resilience over prolonged periods
of desiccation, the study of its resistance strategies can potentially yield information applicable to
human survival after incidental exposure to high levels of ionizing radiation (18)
Radiation is an extremely useful tool when harnessed appropriately, but the lethal effects
of radiation can be experienced in incidental situations ranging from simple over-exposure to the
sun, to cosmic radiation absorbed by astronauts. The studies in this dissertation were funded by
the National Aeronautics and Space Administration (NASA) because of the realization that a
comprehensive understanding of an organism with extreme resistance to radiation can have
enormous benefits for further exploration of space, and even for the development of therapies
here on earth to enhance human resistance to radiation. Cell death within D. radiodurans seems
closely correlated with destruction of the proteome, and the study of the effects of the small ROS
scavenging molecules of D. radiodurans on proteomic protection within other systems have
yielded medically promising advances (237-239).

However, complete resistance within D.

radiodurans is accomplished by a combination of proteomic protection and DNA damage repair.
Therefore, DNA repair within D. radiodurans must be further studied as a means of pinpointing
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the molecular differences within D. radiodurans proteins that contribute to the efficacy with
which they function.
This dissertation focusses upon the thermodynamic characterization of two DNA repair
proteins from D. radiodurans. Both of the proteins, DNA Polymerase I and RecA, have been
shown to be essential for complete resistance to high levels of oxidative stress induced by
ionizing radiation (56,57,106). While D. radiodurans cells will recover in the absence of DrPol I,
the rate of such recovery is slowed roughly 8-fold (56,57,106). RecA, however, has been shown
to be absolutely essential for recovery of D. radiodurans after incursion of severe oxidative
stress, and WT resistance to radiation cannot be conferred within D. radiodurans cells where
DrRecA has been substituted for EcRecA (22). Previous research has indicated a very unique
pathway of repair initiated by DrRecA, in that it prefers to perform homologous recombination
via primarily binding to dsDNA, followed by binding to ssDNA (73). This mechanism is in
direct opposition of that employed by EcRecA.

Characterization of the DNA binding

thermodynamics of RecA can help to clarify the contributions to this mechanistic difference by
pinpointing biophysical causality.
The results indicate that DrRecA shows a clearly enhanced binding affinity for DNA over
EcRecA. This is true in the presence of an ATP cofactor and in its absence. The absence of
cofactor also enhances the binding of DrRecA to both ssDNA and dsDNA over EcRecA roughly
5 fold and 20 fold, respectively. This enhancement may also be an important contributor to the
initial processing of DNA substrates required for initiation of the process of Extended Synthesis
Dependent Strand Annealing (ESDSA), and allow DrRecA to function when nucleotide pools
may be depleted within an oxidatively stressed D. radiodurans cell (25,56,57).
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Though binding to DNA is drastically enhanced for DrRecA over EcRecA, a preference
of binding to ssDNA for DrRecA persists. This is in accordance with previous results indicating
faster initial binding to ssDNA, even though the net strand exchange reaction proceeds more
rapidly via primary binding to dsDNA (73). The finding that DrRecA shows highest affinity for
ssDNA also helps to support experiments performed elsewhere which indicate that DrRecA can
potentially perform strand exchange initiated from either dsDNA or ssDNA, depending upon
conditions (97).
Though DNA polymerase I from D. radiodurans is currently viewed as less essential for
the full repair of damaged DNA than is DrRecA, it is clear that it greatly enhances the speed at
which D. radiodurans can recover from oxidative stress (56,57,106,219). The studies in this
dissertation of DrPol I began with a stability characterization of the large fragment of the enzyme
(Klendra), so as to identify optimal conditions under which its DNA binding behavior could be
examined. These studies are important given the involvement of DrPol I within DNA repair, and
help to support the idea that DrPol I may be functioning during ESDSA at DNA gaps where
DNA Pol III stalls (56).
The overall stability of Klendra suggests that it is mesophilic, much like D. radiodurans
(9). This stability is demonstrated with a ΔGunfolding of about 10 Kcal/mol, rendering the enzyme
slightly more stable than Klenow. This slight stability edge over Klenow is also reflected by the
Tm of Klendra at pH 5.75 of 46oC, which is slightly higher than the Tm for Klenow under low
salt conditions at various pH values (205,208).
Klendra also displays markedly decreased pH sensitivity when compared to Klenow.
Klenow displays a pH stability range from about 6-10, whereas Klendra maintains consistent
structure from pH 4-11. Various studies have provided evidence for the hypothesis that D.
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radiodurans DNA repair may be enhanced at acidic pH (23,72). The increased stability of
Klendra in the low pH range may therefore be reflective of this phenomenon.
Klendra displays an interesting pattern of not only stability, but also DNA binding
affinity, binding DNA with higher affinity as solution pH is decreased to 5.75. Its overall
binding affinity for DNA is weaker than that of either Klentaq or Klenow, even when examined
at pH 5.75 (203,204). The strong dependence of binding upon pH is not seen as intensely for
Klentaq, and is most pronounced for ptDNA. This is the substrate upon which DrPol I is thought
to act in the process of ESDSA, and so enhanced ptDNA selectivity at low pH could be
important due to a potential pH decrease after experiencing oxidative stress, during which initial
DNA repair would take place (23,56).
The substrate for which Klendra has the lowest affinity is ssDNA, in contrast to previous
reported results for Klenow (204). The reasons for a decreased affinity for ssDNA by Klendra
may very well be due to the absence of an active exonuclease domain, which acts upon an
ssDNA substrate. Local alignments reveal that none of the necessary proofreading amino acids
are present within Klendra, and incubations of Klendra with DNA show no visible degree of
DNA degradation, as can clearly be seen with Klenow, an enzyme known to possess exonuclease
activity (133). Alignments of DrPol I with a wide array of bacterial Pol I homologues indicate a
consistent absence of proofreading amino acids within organisms closely related to D.
radiodurans. The evolutionary trend for the presence or absence of this activity seems to suggest
that it was lost at some point, potentially as a favorable trait to confer a mutator phenotype for
rapid adaptation to external stresses (160).
These studies provide thermodynamic insight into the characteristics of DrRecA and
DrPol I. The studies in this dissertation report the first thermodynamic stability and DNA
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binding data for any isolated proteins from D. radiodurans. Consistencies in molecular behavior
between PolI homologues from the Deinococcus-Thermus phylum are reported, such as a lack of
ssDNA binding and salt sensitivity of binding. However, the overall stability of Klendra is more
similar to Klenow, meaning that not all PolI homologues in the Deinococcus-Thermus phylum
possess the extreme stability of Klentaq. The reported differences in the DNA binding affinities
of DrRecA and EcRecA may additionally indicate the necessity of enhanced DNA binding by
RecA in the absence of nucleotide cofactors within a radiation resistant organism. The data
herein enhance the understanding of these key proteins involved in the mechanisms of DNA
replication and repair in D. radiodurans.

98

REFERENCES
1.

Cox, M.M. and Battista, J.R. (2005) Deinococcus radiodurans - the consummate survivor.
Nature reviews. Microbiology, 3, 882-892.

2.

Anderson, A.W., Nordan, H.C., Cain, R.F., Parrish, G. and Duggan, D. (1956) Studies on
a Radio-Resistant Micrococcus .1. Isolation, Morphology, Cultural Characteristics, and
Resistance to Gamma Radiation. Food Technology, 10, 575-578.

3.

Murray, R.G., Hall, M. and Thompson, B.G. (1983) Cell division in Deinococcus
radiodurans and a method for displaying septa. Can J Microbiol, 29, 1412-1423.

4.

Chou, F.I. and Tan, S.T. (1991) Salt-mediated multicell formation in Deinococcus
radiodurans. Journal of bacteriology, 173, 3184-3190.

5.

Kobatake, M., Tanabe, S. and Hasegawa, S. (1973) [New Micrococcus radioresistant red
pigment, isolated from Lama glama feces, and its use as microbiological indicator of
radiosterilization]. C R Seances Soc Biol Fil, 167, 1506-1510.

6.

Lewis, N.F. (1973) Radio-Resistant Micrococcus-Radiophilus Sp-Nov Isolated from
Irradiated Bombay Duck (Harpodon-Nehereus). Current Science, 42, 504-504.

7.

Brooks, B.W. and Murray, R.G.E. (1981) Nomenclature for Micrococcus Radiodurans
and Other Radiation-Resistant Cocci - Deinococcacae Fam Nov and Deinococcus GenNov, Including 5 Species. International Journal of Systematic Bacteriology, 31, 353-360.

8.

Longtin, R. (2003) Deinoccocus radiodurans: getting a better fix on DNA repair. J Natl
Cancer Inst, 95, 1270-1271.

9.

Weisburg, W.G., Giovannoni, S.J. and Woese, C.R. (1989) The Deinococcus-Thermus
phylum and the effect of rRNA composition on phylogenetic tree construction. Syst Appl
Microbiol, 11, 128-134.

10.

Theodorakopoulos, N., Bachar, D., Christen, R., Alain, K. and Chapon, V. (2013)
Exploration of Deinococcus-Thermus molecular diversity by novel group-specific PCR
primers. Microbiologyopen, 2, 862-872.

11.

Ferreira, A.C., Nobre, M.F., Rainey, F.A., Silva, M.T., Wait, R., Burghardt, J., Chung,
A.P. and da Costa, M.S. (1997) Deinococcus geothermalis sp. nov. and Deinococcus
murrayi sp. nov., two extremely radiation-resistant and slightly thermophilic species from
hot springs. Int J Syst Bacteriol, 47, 939-947.

12.

Albuquerque, L., Simoes, C., Nobre, M.F., Pino, N.M., Battista, J.R., Silva, M.T.,
Rainey, F.A. and da Costa, M.S. (2005) Truepera radiovictrix gen. nov., sp. nov., a new
radiation resistant species and the proposal of Trueperaceae fam. nov. FEMS
microbiology letters, 247, 161-169.

99

13.

Jurkiewicz, B.A. and Buettner, G.R. (1994) Ultraviolet light-induced free radical
formation in skin: an electron paramagnetic resonance study. Photochem Photobiol, 59,
1-4.

14.

Potts, M. (1994) Desiccation tolerance of prokaryotes. Microbiol Rev, 58, 755-805.

15.

Imlay, J.A. (2003) Pathways of oxidative damage. Annu Rev Microbiol, 57, 395-418.

16.

Lown, J.W., Sim, S.K. and Chen, H.H. (1978) Hydroxyl radical production by free and
DNA-bound aminoquinone antibiotics and its role in DNA degradation. Electron spin
resonance detection of hydroxyl radicals by spin trapping. Can J Biochem, 56, 10421047.

17.

Battista, J.R. (1997) Against all odds: the survival strategies of Deinococcus radiodurans.
Annu Rev Microbiol, 51, 203-224.

18.

Mattimore, V., Udupa, K.S., Berne, G.A. and Battista, J.R. (1995) Genetic
characterization of forty ionizing radiation-sensitive strains of Deinococcus radiodurans:
linkage information from transformation. Journal of bacteriology, 177, 5232-5237.

19.

Mattimore, V. and Battista, J.R. (1996) Radioresistance of Deinococcus radiodurans:
functions necessary to survive ionizing radiation are also necessary to survive prolonged
desiccation. Journal of bacteriology, 178, 633-637.

20.

de Groot, A., Chapon, V., Servant, P., Christen, R., Saux, M.F., Sommer, S. and Heulin,
T. (2005) Deinococcus deserti sp. nov., a gamma-radiation-tolerant bacterium isolated
from the Sahara Desert. Int J Syst Evol Microbiol, 55, 2441-2446.

21.

Rainey, F.A., Ray, K., Ferreira, M., Gatz, B.Z., Nobre, M.F., Bagaley, D., Rash, B.A.,
Park, M.J., Earl, A.M., Shank, N.C. et al. (2005) Extensive diversity of ionizingradiation-resistant bacteria recovered from Sonoran Desert soil and description of nine
new species of the genus Deinococcus obtained from a single soil sample. Appl Environ
Microbiol, 71, 5225-5235.

22.

Slade, D. and Radman, M. (2011) Oxidative stress resistance in Deinococcus
radiodurans. Microbiology and molecular biology reviews : MMBR, 75, 133-191.

23.

Daly, M.J., Gaidamakova, E.K., Matrosova, V.Y., Vasilenko, A., Zhai, M., Leapman,
R.D., Lai, B., Ravel, B., Li, S.M., Kemner, K.M. et al. (2007) Protein oxidation
implicated as the primary determinant of bacterial radioresistance. PLoS biology, 5, e92.

24.

Krisko, A. and Radman, M. (2013) Biology of extreme radiation resistance: the way of
Deinococcus radiodurans. Cold Spring Harbor perspectives in biology, 5.

25.

Bjelland, S. and Seeberg, E. (2003) Mutagenicity, toxicity and repair of DNA base
damage induced by oxidation. Mutat Res, 531, 37-80.

100

26.

Lusetti, S.L. and Cox, M.M. (2002) The bacterial RecA protein and the recombinational
DNA repair of stalled replication forks. Annual review of biochemistry, 71, 71-100.

27.

Harsojo, Kitayama, S. and Matsuyama, A. (1981) Genome multiplicity and radiation
resistance in Micrococcus radiodurans. J Biochem, 90, 877-880.

28.

Krasin, F. and Hutchinson, F. (1977) Repair of DNA double-strand breaks in Escherichia
coli, which requires recA function and the presence of a duplicate genome. Journal of
molecular biology, 116, 81-98.

29.

Bonura, T. and Smith, K.C. (1976) Letter: The involvement of indirect effects in cellkilling and DNA double-strand breakage in gamma-irradiated Escherichia coli K-12. Int J
Radiat Biol Relat Stud Phys Chem Med, 29, 293-296.

30.

Burrell, A.D., Feldschreiber, P. and Dean, C.J. (1971) DNA-membrane association and
the repair of double breaks in x-irradiated Micrococcus radiodurans. Biochimica et
biophysica acta, 247, 38-53.

31.

Gerard, E., Jolivet, E., Prieur, D. and Forterre, P. (2001) DNA protection mechanisms are
not involved in the radioresistance of the hyperthermophilic archaea Pyrococcus abyssi
and P. furiosus. Mol Genet Genomics, 266, 72-78.

32.

Hipkiss, A.R. (2006) Accumulation of altered proteins and ageing: causes and effects.
Exp Gerontol, 41, 464-473.

33.

Krisko, A. and Radman, M. (2010) Protein damage and death by radiation in Escherichia
coli and Deinococcus radiodurans. Proceedings of the National Academy of Sciences of
the United States of America, 107, 14373-14377.

34.

Krisko, A., Leroy, M., Radman, M. and Meselson, M. (2012) Extreme anti-oxidant
protection against ionizing radiation in bdelloid rotifers. Proceedings of the National
Academy of Sciences of the United States of America, 109, 2354-2357.

35.

Daly, M.J., Gaidamakova, E.K., Matrosova, V.Y., Kiang, J.G., Fukumoto, R., Lee, D.Y.,
Wehr, N.B., Viteri, G.A., Berlett, B.S. and Levine, R.L. (2010) Small-molecule
antioxidant proteome-shields in Deinococcus radiodurans. PLoS One, 5, e12570.

36.

Chou, F.I. and Tan, S.T. (1990) Manganese(II) induces cell division and increases in
superoxide dismutase and catalase activities in an aging deinococcal culture. Journal of
bacteriology, 172, 2029-2035.

37.

Grove, A. and Wilkinson, S.P. (2005) Differential DNA binding and protection by
dimeric and dodecameric forms of the ferritin homolog Dps from Deinococcus
radiodurans. Journal of molecular biology, 347, 495-508.

38.

Tian, B., Xu, Z., Sun, Z., Lin, J. and Hua, Y. (2007) Evaluation of the antioxidant effects
of carotenoids from Deinococcus radiodurans through targeted mutagenesis,

101

chemiluminescence, and DNA damage analyses. Biochimica et biophysica acta, 1770,
902-911.
39.

Daly, M.J., Gaidamakova, E.K., Matrosova, V.Y., Vasilenko, A., Zhai, M.,
Venkateswaran, A., Hess, M., Omelchenko, M.V., Kostandarithes, H.M., Makarova, K.S.
et al. (2004) Accumulation of Mn(II) in Deinococcus radiodurans facilitates gammaradiation resistance. Science, 306, 1025-1028.

40.

Makarova, K.S., Aravind, L., Wolf, Y.I., Tatusov, R.L., Minton, K.W., Koonin, E.V. and
Daly, M.J. (2001) Genome of the extremely radiation-resistant bacterium Deinococcus
radiodurans viewed from the perspective of comparative genomics. Microbiology and
molecular biology reviews : MMBR, 65, 44-79.

41.

Liu, Y., Zhou, J., Omelchenko, M.V., Beliaev, A.S., Venkateswaran, A., Stair, J., Wu, L.,
Thompson, D.K., Xu, D., Rogozin, I.B. et al. (2003) Transcriptome dynamics of
Deinococcus radiodurans recovering from ionizing radiation. Proceedings of the National
Academy of Sciences of the United States of America, 100, 4191-4196.

42.

Tanaka, M., Earl, A.M., Howell, H.A., Park, M.J., Eisen, J.A., Peterson, S.N. and
Battista, J.R. (2004) Analysis of Deinococcus radiodurans's transcriptional response to
ionizing radiation and desiccation reveals novel proteins that contribute to extreme
radioresistance. Genetics, 168, 21-33.

43.

Martinez, A. and Kolter, R. (1997) Protection of DNA during oxidative stress by the
nonspecific DNA-binding protein Dps. Journal of bacteriology, 179, 5188-5194.

44.

Stahl, W., Junghans, A., de Boer, B., Driomina, E.S., Briviba, K. and Sies, H. (1998)
Carotenoid mixtures protect multilamellar liposomes against oxidative damage:
synergistic effects of lycopene and lutein. FEBS Lett, 427, 305-308.

45.

Zhang, P. and Omaye, S.T. (2000) Beta-carotene and protein oxidation: effects of
ascorbic acid and alpha-tocopherol. Toxicology, 146, 37-47.

46.

Zhang, L., Yang, Q., Luo, X., Fang, C., Zhang, Q. and Tang, Y. (2007) Knockout of crtB
or crtI gene blocks the carotenoid biosynthetic pathway in Deinococcus radiodurans R1
and influences its resistance to oxidative DNA-damaging agents due to change of free
radicals scavenging ability. Arch Microbiol, 188, 411-419.

47.

Ji, H.F. (2010) Insight into the strong antioxidant activity of deinoxanthin, a unique
carotenoid in Deinococcus radiodurans. Int J Mol Sci, 11, 4506-4510.

48.

Xu, W., Shen, J., Dunn, C.A., Desai, S. and Bessman, M.J. (2001) The Nudix hydrolases
of Deinococcus radiodurans. Mol Microbiol, 39, 286-290.

49.

Kota, S., Kumar, C.V. and Misra, H.S. (2010) Characterization of an ATP-regulated
DNA-processing enzyme and thermotolerant phosphoesterase in the radioresistant
bacterium Deinococcus radiodurans. Biochem J, 431, 149-157.

102

50.

Bessman, M.J., Frick, D.N. and O'Handley, S.F. (1996) The MutT proteins or "Nudix"
hydrolases, a family of versatile, widely distributed, "housecleaning" enzymes. The
Journal of biological chemistry, 271, 25059-25062.

51.

White, O., Eisen, J.A., Heidelberg, J.F., Hickey, E.K., Peterson, J.D., Dodson, R.J., Haft,
D.H., Gwinn, M.L., Nelson, W.C., Richardson, D.L. et al. (1999) Genome sequence of
the radioresistant bacterium Deinococcus radiodurans R1. Science, 286, 1571-1577.

52.

Taddei, F., Hayakawa, H., Bouton, M., Cirinesi, A., Matic, I., Sekiguchi, M. and
Radman, M. (1997) Counteraction by MutT protein of transcriptional errors caused by
oxidative damage. Science, 278, 128-130.

53.

Maki, H. and Sekiguchi, M. (1992) MutT protein specifically hydrolyses a potent
mutagenic substrate for DNA synthesis. Nature, 355, 273-275.

54.

Cooke, M.S. and Evans, M.D. (2007) 8-Oxo-deoxyguanosine: reduce, reuse, recycle?
Proceedings of the National Academy of Sciences of the United States of America, 104,
13535-13536.

55.

Daly, M.J. and Minton, K.W. (1996) An alternative pathway of recombination of
chromosomal fragments precedes recA-dependent recombination in the radioresistant
bacterium Deinococcus radiodurans. Journal of bacteriology, 178, 4461-4471.

56.

Slade, D., Lindner, A.B., Paul, G. and Radman, M. (2009) Recombination and replication
in DNA repair of heavily irradiated Deinococcus radiodurans. Cell, 136, 1044-1055.

57.

Zahradka, K., Slade, D., Bailone, A., Sommer, S., Averbeck, D., Petranovic, M., Lindner,
A.B. and Radman, M. (2006) Reassembly of shattered chromosomes in Deinococcus
radiodurans. Nature, 443, 569-573.

58.

Heinz, K. and Marx, A. (2007) Lesion bypass activity of DNA polymerase A from the
extremely radioresistant organism Deinococcus radiodurans. The Journal of biological
chemistry, 282, 10908-10914.

59.

Zimmerman, J.M. and Battista, J.R. (2005) A ring-like nucleoid is not necessary for
radioresistance in the Deinococcaceae. BMC Microbiol, 5, 17.

60.

Levin-Zaidman, S., Englander, J., Shimoni, E., Sharma, A.K., Minton, K.W. and Minsky,
A. (2003) Ringlike structure of the Deinococcus radiodurans genome: a key to
radioresistance? Science, 299, 254-256.

61.

Nguyen, H.H., de la Tour, C.B., Toueille, M., Vannier, F., Sommer, S. and Servant, P.
(2009) The essential histone-like protein HU plays a major role in Deinococcus
radiodurans nucleoid compaction. Mol Microbiol, 73, 240-252.

62.

Driedger, A.A. (1970) The DNA content of single cells of Micrococcus radiodurans. Can
J Microbiol, 16, 1136-1137.

103

63.

Hansen, M.T. (1978) Multiplicity of genome equivalents in the radiation-resistant
bacterium Micrococcus radiodurans. Journal of bacteriology, 134, 71-75.

64.

Clark, A.J. and Margulies, A.D. (1965) Isolation and Characterization of RecombinationDeficient Mutants of Escherichia Coli K12. Proceedings of the National Academy of
Sciences of the United States of America, 53, 451-459.

65.

Kowalczykowski, S.C. (2000) Initiation of genetic recombination and recombinationdependent replication. Trends in biochemical sciences, 25, 156-165.

66.

Cox, M.M. (2007) Regulation of bacterial RecA protein function. Critical reviews in
biochemistry and molecular biology, 42, 41-63.

67.

Cox, M.M. (2003) The bacterial RecA protein as a motor protein. Annu Rev Microbiol,
57, 551-577.

68.

Horii, T., Ogawa, T., Nakatani, T., Hase, T., Matsubara, H. and Ogawa, H. (1981)
Regulation of SOS functions: purification of E. coli LexA protein and determination of
its specific site cleaved by the RecA protein. Cell, 27, 515-522.

69.

Tessman, E.S., Gritzmacher, C.A. and Peterson, P.K. (1978) Derepression of colicin E1
synthesis in the constitutive tif mutant strain (spr tif sfi) and in a tif sfi mutant strain of
Escherichia coli K-12. Journal of bacteriology, 135, 29-38.

70.

Bates, H., Bridges, B.A. and Woodgate, R. (1991) Mutagenic DNA repair in Escherichia
coli, XX. Overproduction of UmuD' protein results in suppression of the umuC36
mutation in excision defective bacteria. Mutat Res, 250, 199-204.

71.

Schlacher, K., Leslie, K., Wyman, C., Woodgate, R., Cox, M.M. and Goodman, M.F.
(2005) DNA polymerase V and RecA protein, a minimal mutasome. Molecular cell, 17,
561-572.

72.

Kim, J.I., Sharma, A.K., Abbott, S.N., Wood, E.A., Dwyer, D.W., Jambura, A., Minton,
K.W., Inman, R.B., Daly, M.J. and Cox, M.M. (2002) RecA Protein from the extremely
radioresistant bacterium Deinococcus radiodurans: expression, purification, and
characterization. Journal of bacteriology, 184, 1649-1660.

73.

Kim, J.I. and Cox, M.M. (2002) The RecA proteins of Deinococcus radiodurans and
Escherichia coli promote DNA strand exchange via inverse pathways. Proceedings of the
National Academy of Sciences of the United States of America, 99, 7917-7921.

74.

Kolodner, R., Hall, S.D. and Luisi-DeLuca, C. (1994) Homologous pairing proteins
encoded by the Escherichia coli recE and recT genes. Mol Microbiol, 11, 23-30.

75.

Dillingham, M.S. and Kowalczykowski, S.C. (2008) RecBCD enzyme and the repair of
double-stranded DNA breaks. Microbiology and molecular biology reviews : MMBR, 72,
642-671, Table of Contents.

104

76.

Aravind, L., Makarova, K.S. and Koonin, E.V. (2000) SURVEY AND SUMMARY:
holliday junction resolvases and related nucleases: identification of new families, phyletic
distribution and evolutionary trajectories. Nucleic acids research, 28, 3417-3432.

77.

Singleton, M.R., Dillingham, M.S. and Wigley, D.B. (2007) Structure and mechanism of
helicases and nucleic acid translocases. Annual review of biochemistry, 76, 23-50.

78.

Taylor, A.F. and Smith, G.R. (2003) RecBCD enzyme is a DNA helicase with fast and
slow motors of opposite polarity. Nature, 423, 889-893.

79.

Dixon, D.A. and Kowalczykowski, S.C. (1993) The recombination hotspot chi is a
regulatory sequence that acts by attenuating the nuclease activity of the E. coli RecBCD
enzyme. Cell, 73, 87-96.

80.

Spies, M., Bianco, P.R., Dillingham, M.S., Handa, N., Baskin, R.J. and Kowalczykowski,
S.C. (2003) A molecular throttle: the recombination hotspot chi controls DNA
translocation by the RecBCD helicase. Cell, 114, 647-654.

81.

Wong, C.J., Lucius, A.L. and Lohman, T.M. (2005) Energetics of DNA end binding by
E.coli RecBC and RecBCD helicases indicate loop formation in the 3'-single-stranded
DNA tail. Journal of molecular biology, 352, 765-782.

82.

Anderson, D.G., Churchill, J.J. and Kowalczykowski, S.C. (1997) Chi-activated RecBCD
enzyme possesses 5'-->3' nucleolytic activity, but RecBC enzyme does not: evidence
suggesting that the alteration induced by Chi is not simply ejection of the RecD subunit.
Genes Cells, 2, 117-128.

83.

Morimatsu, K., Wu, Y. and Kowalczykowski, S.C. (2012) RecFOR proteins target RecA
protein to a DNA gap with either DNA or RNA at the 5' terminus: implication for repair
of stalled replication forks. The Journal of biological chemistry, 287, 35621-35630.

84.

Tseng, Y.C., Hung, J.L. and Wang, T.C. (1994) Involvement of RecF pathway
recombination genes in postreplication repair in UV-irradiated Escherichia coli cells.
Mutat Res, 315, 1-9.

85.

Wang, T.V. and Smith, K.C. (1984) recF-dependent and recF recB-independent DNA
gap-filling repair processes transfer dimer-containing parental strands to daughter strands
in Escherichia coli K-12 uvrB. Journal of bacteriology, 158, 727-729.

86.

Nakayama, H., Nakayama, K., Nakayama, R., Irino, N., Nakayama, Y. and Hanawalt,
P.C. (1984) Isolation and genetic characterization of a thymineless death-resistant mutant
of Escherichia coli K12: identification of a new mutation (recQ1) that blocks the RecF
recombination pathway. Mol Gen Genet, 195, 474-480.

87.

Harmon, F.G. and Kowalczykowski, S.C. (1998) RecQ helicase, in concert with RecA
and SSB proteins, initiates and disrupts DNA recombination. Genes & development, 12,
1134-1144.

105

88.

Lovett, S.T. and Kolodner, R.D. (1989) Identification and purification of a singlestranded-DNA-specific exonuclease encoded by the recJ gene of Escherichia coli.
Proceedings of the National Academy of Sciences of the United States of America, 86,
2627-2631.

89.

Morimatsu, K. and Kowalczykowski, S.C. (2003) RecFOR proteins load RecA protein
onto gapped DNA to accelerate DNA strand exchange: a universal step of
recombinational repair. Molecular cell, 11, 1337-1347.

90.

Webb, B.L., Cox, M.M. and Inman, R.B. (1997) Recombinational DNA repair: the RecF
and RecR proteins limit the extension of RecA filaments beyond single-strand DNA
gaps. Cell, 91, 347-356.

91.

Holliday, R. (1964) The Induction of Mitotic Recombination by Mitomycin C in Ustilago
and Saccharomyces. Genetics, 50, 323-335.

92.

Bianco, P.R. and Weinstock, G.M. (1998) UTP is a cofactor for the DNA strand
exchange reaction performed by the RecA protein of Escherichia coli. Biochemistry, 37,
7313-7320.

93.

West, S.C. (1996) The RuvABC proteins and Holliday junction processing in Escherichia
coli. Journal of bacteriology, 178, 1237-1241.

94.

Pugh, B.F. and Cox, M.M. (1988) General mechanism for RecA protein binding to
duplex DNA. Journal of molecular biology, 203, 479-493.

95.

Zaitsev, E.N. and Kowalczykowski, S.C. (2000) A novel pairing process promoted by
Escherichia coli RecA protein: inverse DNA and RNA strand exchange. Genes &
development, 14, 740-749.

96.

Hsu, H.F., Ngo, K.V., Chitteni-Pattu, S., Cox, M.M. and Li, H.W. (2011) Investigating
Deinococcus radiodurans RecA protein filament formation on double-stranded DNA by a
real-time single-molecule approach. Biochemistry, 50, 8270-8280.

97.

Ngo, K.V., Molzberger, E.T., Chitteni-Pattu, S. and Cox, M.M. (2013) Regulation of
Deinococcus radiodurans RecA protein function via modulation of active and inactive
nucleoprotein filament states. The Journal of biological chemistry, 288, 21351-21366.

98.

Cromie, G.A. (2009) Phylogenetic ubiquity and shuffling of the bacterial RecBCD and
AddAB recombination complexes. Journal of bacteriology, 191, 5076-5084.

99.

Wang, J. and Julin, D.A. (2004) DNA helicase activity of the RecD protein from
Deinococcus radiodurans. The Journal of biological chemistry, 279, 52024-52032.

100.

Bentchikou, E., Servant, P., Coste, G. and Sommer, S. (2010) A major role of the
RecFOR pathway in DNA double-strand-break repair through ESDSA in Deinococcus
radiodurans. PLoS genetics, 6, e1000774.

106

101.

Roca, A.I. and Cox, M.M. (1997) RecA protein: structure, function, and role in
recombinational DNA repair. Prog Nucleic Acid Res Mol Biol, 56, 129-223.

102.

Morrical, S.W. and Cox, M.M. (1985) Light scattering studies of the recA protein of
Escherichia coli: relationship between free recA filaments and the recA X ssDNA
complex. Biochemistry, 24, 760-767.

103.

Cotterill, S.M. and Fersht, A.R. (1983) Direct observation of complexes of ssb and recA
proteins with a fluorescent single-stranded deoxyribonucleic acid derivative.
Biochemistry, 22, 5878-5881.

104.

Flory, J. and Radding, C.M. (1982) Visualization of recA protein and its association with
DNA: a priming effect of single-strand-binding protein. Cell, 28, 747-756.

105.

Wanarska, M., Krawczyk, B., Hildebrandt, P. and Kur, J. (2011) RecA proteins from
Deinococcus geothermalis and Deinococcus murrayi--cloning, purification and
biochemical characterisation. BMC Mol Biol, 12, 17.

106.

Gutman, P.D., Carroll, J.D., Masters, C.I. and Minton, K.W. (1994) Sequencing, targeted
mutagenesis and expression of a recA gene required for the extreme radioresistance of
Deinococcus radiodurans. Gene, 141, 31-37.

107.

Rajan, R. and Bell, C.E. (2004) Crystal structure of RecA from Deinococcus radiodurans:
insights into the structural basis of extreme radioresistance. Journal of molecular biology,
344, 951-963.

108.

Story, R.M., Weber, I.T. and Steitz, T.A. (1992) The structure of the E. coli recA protein
monomer and polymer. Nature, 355, 318-325.

109.

Datta, S., Prabu, M.M., Vaze, M.B., Ganesh, N., Chandra, N.R., Muniyappa, K. and
Vijayan, M. (2000) Crystal structures of Mycobacterium tuberculosis RecA and its
complex with ADP-AlF(4): implications for decreased ATPase activity and molecular
aggregation. Nucleic acids research, 28, 4964-4973.

110.

Datta, S., Krishna, R., Ganesh, N., Chandra, N.R., Muniyappa, K. and Vijayan, M. (2003)
Crystal structures of Mycobacterium smegmatis RecA and its nucleotide complexes.
Journal of bacteriology, 185, 4280-4284.

111.

Datta, S., Ganesh, N., Chandra, N.R., Muniyappa, K. and Vijayan, M. (2003) Structural
studies on MtRecA-nucleotide complexes: insights into DNA and nucleotide binding and
the structural signature of NTP recognition. Proteins, 50, 474-485.

112.

Aihara, H., Ito, Y., Kurumizaka, H., Terada, T., Yokoyama, S. and Shibata, T. (1997) An
interaction between a specified surface of the C-terminal domain of RecA protein and
double-stranded DNA for homologous pairing. Journal of molecular biology, 274, 213221.

107

113.

Xing, X. and Bell, C.E. (2004) Crystal structures of Escherichia coli RecA in complex
with MgADP and MnAMP-PNP. Biochemistry, 43, 16142-16152.

114.

Egelman, E.H. and Stasiak, A. (1993) Electron-Microscopy of Reca-DNA Complexes - 2
Different States, Their Functional-Significance and Relation to the Solved CrystalStructure. Micron, 24, 309-324.

115.

Di Capua, E., Engel, A., Stasiak, A. and Koller, T. (1982) Characterization of complexes
between recA protein and duplex DNA by electron microscopy. Journal of molecular
biology, 157, 87-103.

116.

Egelman, E.H. and Stasiak, A. (1986) Structure of helical RecA-DNA complexes.
Complexes formed in the presence of ATP-gamma-S or ATP. Journal of molecular
biology, 191, 677-697.

117.

Norden, B., Elvingson, C., Kubista, M., Sjoberg, B., Ryberg, H., Ryberg, M., Mortensen,
K. and Takahashi, M. (1992) Structure of RecA-DNA complexes studied by combination
of linear dichroism and small-angle neutron scattering measurements on flow-oriented
samples. Journal of molecular biology, 226, 1175-1191.

118.

Yu, X. and Egelman, E.H. (1992) Structural data suggest that the active and inactive
forms of the RecA filament are not simply interconvertible. Journal of molecular biology,
227, 334-346.

119.

Joo, C., McKinney, S.A., Nakamura, M., Rasnik, I., Myong, S. and Ha, T. (2006) Realtime observation of RecA filament dynamics with single monomer resolution. Cell, 126,
515-527.

120.

Register, J.C., 3rd and Griffith, J. (1985) The direction of RecA protein assembly onto
single strand DNA is the same as the direction of strand assimilation during strand
exchange. The Journal of biological chemistry, 260, 12308-12312.

121.

Heuser, J. and Griffith, J. (1989) Visualization of RecA protein and its complexes with
DNA by quick-freeze/deep-etch electron microscopy. Journal of molecular biology, 210,
473-484.

122.

Cox, M.M. and Lehman, I.R. (1987) Enzymes of general recombination. Annual review
of biochemistry, 56, 229-262.

123.

Pugh, B.F., Schutte, B.C. and Cox, M.M. (1989) Extent of duplex DNA underwinding
induced by RecA protein binding in the presence of ATP. Journal of molecular biology,
205, 487-492.

124.

Zaitsev, E.N. and Kowalczykowski, S.C. (1999) The simultaneous binding of two
double-stranded DNA molecules by Escherichia coli RecA protein. Journal of molecular
biology, 287, 21-31.

108

125.

Zaitsev, E.N. and Kowalczykowski, S.C. (1998) Binding of double-stranded DNA by
Escherichia coli RecA protein monitored by a fluorescent dye displacement assay.
Nucleic acids research, 26, 650-654.

126.

Gupta, R.C., Folta-Stogniew, E., O'Malley, S., Takahashi, M. and Radding, C.M. (1999)
Rapid exchange of A:T base pairs is essential for recognition of DNA homology by
human Rad51 recombination protein. Molecular cell, 4, 705-714.

127.

Jain, S.K., Cox, M.M. and Inman, R.B. (1994) On the role of ATP hydrolysis in RecA
protein-mediated DNA strand exchange. III. Unidirectional branch migration and
extensive hybrid DNA formation. The Journal of biological chemistry, 269, 2065320661.

128.

Shan, Q., Cox, M.M. and Inman, R.B. (1996) DNA strand exchange promoted by RecA
K72R. Two reaction phases with different Mg2+ requirements. The Journal of biological
chemistry, 271, 5712-5724.

129.

Kim, J.I., Cox, M.M. and Inman, R.B. (1992) On the role of ATP hydrolysis in RecA
protein-mediated DNA strand exchange. II. Four-strand exchanges. The Journal of
biological chemistry, 267, 16444-16449.

130.

Bork, J.M., Cox, M.M. and Inman, R.B. (2001) RecA protein filaments disassemble in
the 5' to 3' direction on single-stranded DNA. The Journal of biological chemistry, 276,
45740-45743.

131.

Shan, Q., Bork, J.M., Webb, B.L., Inman, R.B. and Cox, M.M. (1997) RecA protein
filaments: end-dependent dissociation from ssDNA and stabilization by RecO and RecR
proteins. Journal of molecular biology, 265, 519-540.

132.

Kornberg, A. (1960) Biologic synthesis of deoxyribonucleic acid. Science, 131, 15031508.

133.

Joyce, C.M. and Steitz, T.A. (1994) Function and structure relationships in DNA
polymerases. Annual review of biochemistry, 63, 777-822.

134.

Steitz, T.A. (1999) DNA polymerases: structural diversity and common mechanisms. The
Journal of biological chemistry, 274, 17395-17398.

135.

Rothwell, P.J. and Waksman, G. (2005) Structure and mechanism of DNA polymerases.
Advances in protein chemistry, 71, 401-440.

136.

Wagner, J., Gruz, P., Kim, S.R., Yamada, M., Matsui, K., Fuchs, R.P. and Nohmi, T.
(1999) The dinB gene encodes a novel E. coli DNA polymerase, DNA pol IV, involved
in mutagenesis. Molecular cell, 4, 281-286.

137.

Tang, M., Bruck, I., Eritja, R., Turner, J., Frank, E.G., Woodgate, R., O'Donnell, M. and
Goodman, M.F. (1998) Biochemical basis of SOS-induced mutagenesis in Escherichia
coli: reconstitution of in vitro lesion bypass dependent on the UmuD'2C mutagenic
109

complex and RecA protein. Proceedings of the National Academy of Sciences of the
United States of America, 95, 9755-9760.
138.

Bonner, C.A., Randall, S.K., Rayssiguier, C., Radman, M., Eritja, R., Kaplan, B.E.,
McEntee, K. and Goodman, M.F. (1988) Purification and characterization of an inducible
Escherichia coli DNA polymerase capable of insertion and bypass at abasic lesions in
DNA. The Journal of biological chemistry, 263, 18946-18952.

139.

Kornberg, A. (1988) DNA replication. The Journal of biological chemistry, 263, 1-4.

140.

Hagensee, M.E., Bryan, S.K. and Moses, R.E. (1987) DNA polymerase III requirement
for repair of DNA damage caused by methyl methanesulfonate and hydrogen peroxide.
Journal of bacteriology, 169, 4608-4613.

141.

Hagensee, M.E., Timme, T.L., Bryan, S.K. and Moses, R.E. (1987) DNA polymerase III
of Escherichia coli is required for UV and ethyl methanesulfonate mutagenesis.
Proceedings of the National Academy of Sciences of the United States of America, 84,
4195-4199.

142.

Perler, F.B., Kumar, S. and Kong, H. (1996) Thermostable DNA polymerases. Advances
in protein chemistry, 48, 377-435.

143.

Makiela-Dzbenska, K., Jaszczur, M., Banach-Orlowska, M., Jonczyk, P., Schaaper, R.M.
and Fijalkowska, I.J. (2009) Role of Escherichia coli DNA polymerase I in chromosomal
DNA replication fidelity. Mol Microbiol, 74, 1114-1127.

144.

Verly, W.G., Gossard, F. and Crine, P. (1974) In vitro repair of apurinic sites in DNA.
Proceedings of the National Academy of Sciences of the United States of America, 71,
2273-2275.

145.

Verly, W.G. (1975) Maintenance of DNA and repair of Apurinic sites. Basic Life Sci, 5A,
39-46.

146.

Cooper, P.K. and Hanawalt, P.C. (1972) Role of DNA polymerase I and the rec system in
excision-repair in Escherichia coli. Proceedings of the National Academy of Sciences of
the United States of America, 69, 1156-1160.

147.

Glickman, B.W. (1975) The role of DNA polymerase I in excision-repair. Basic Life Sci,
5A, 213-218.

148.

Lawyer, F.C., Stoffel, S., Saiki, R.K., Myambo, K., Drummond, R. and Gelfand, D.H.
(1989) Isolation, characterization, and expression in Escherichia coli of the DNA
polymerase gene from Thermus aquaticus. The Journal of biological chemistry, 264,
6427-6437.

149.

Eom, S.H., Wang, J. and Steitz, T.A. (1996) Structure of Taq polymerase with DNA at
the polymerase active site. Nature, 382, 278-281.

110

150.

Beese, L.S., Friedman, J.M. and Steitz, T.A. (1993) Crystal structures of the Klenow
fragment of DNA polymerase I complexed with deoxynucleoside triphosphate and
pyrophosphate. Biochemistry, 32, 14095-14101.

151.

Lehman, I.R. and Uyemura, D.G. (1976) DNA polymerase I: essential replication
enzyme. Science, 193, 963-969.

152.

Klenow, H. and Henningsen, I. (1970) Selective elimination of the exonuclease activity
of the deoxyribonucleic acid polymerase from Escherichia coli B by limited proteolysis.
Proceedings of the National Academy of Sciences of the United States of America, 65,
168-175.

153.

Lawyer, F.C., Stoffel, S., Saiki, R.K., Chang, S.Y., Landre, P.A., Abramson, R.D. and
Gelfand, D.H. (1993) High-level expression, purification, and enzymatic characterization
of full-length Thermus aquaticus DNA polymerase and a truncated form deficient in 5' to
3' exonuclease activity. PCR Methods Appl, 2, 275-287.

154.

Barnes, W.M. (1994) PCR amplification of up to 35-kb DNA with high fidelity and high
yield from lambda bacteriophage templates. Proceedings of the National Academy of
Sciences of the United States of America, 91, 2216-2220.

155.

Beese, L.S., Derbyshire, V. and Steitz, T.A. (1993) Structure of DNA polymerase I
Klenow fragment bound to duplex DNA. Science, 260, 352-355.

156.

Ollis, D.L., Brick, P., Hamlin, R., Xuong, N.G. and Steitz, T.A. (1985) Structure of large
fragment of Escherichia coli DNA polymerase I complexed with dTMP. Nature, 313,
762-766.

157.

Korolev, S., Nayal, M., Barnes, W.M., Di Cera, E. and Waksman, G. (1995) Crystal
structure of the large fragment of Thermus aquaticus DNA polymerase I at 2.5-A
resolution: structural basis for thermostability. Proceedings of the National Academy of
Sciences of the United States of America, 92, 9264-9268.

158.

Li, Y., Korolev, S. and Waksman, G. (1998) Crystal structures of open and closed forms
of binary and ternary complexes of the large fragment of Thermus aquaticus DNA
polymerase I: structural basis for nucleotide incorporation. The EMBO journal, 17, 75147525.

159.

Kiefer, J.R., Mao, C., Hansen, C.J., Basehore, S.L., Hogrefe, H.H., Braman, J.C. and
Beese, L.S. (1997) Crystal structure of a thermostable Bacillus DNA polymerase I large
fragment at 2.1 A resolution. Structure, 5, 95-108.

160.

Battistuzzi, F.U. and Hedges, S.B. (2009) A major clade of prokaryotes with ancient
adaptations to life on land. Mol Biol Evol, 26, 335-343.

161.

Kuchta, R.D., Mizrahi, V., Benkovic, P.A., Johnson, K.A. and Benkovic, S.J. (1987)
Kinetic mechanism of DNA polymerase I (Klenow). Biochemistry, 26, 8410-8417.

111

162.

Bernad, A., Blanco, L., Lazaro, J.M., Martin, G. and Salas, M. (1989) A conserved 3'---5' exonuclease active site in prokaryotic and eukaryotic DNA polymerases. Cell, 59, 219228.

163.

Zuo, Y. and Deutscher, M.P. (2001) Exoribonuclease superfamilies: structural analysis
and phylogenetic distribution. Nucleic acids research, 29, 1017-1026.

164.

Brautigam, C.A. and Steitz, T.A. (1998) Structural principles for the inhibition of the 3'-5'
exonuclease activity of Escherichia coli DNA polymerase I by phosphorothioates.
Journal of molecular biology, 277, 363-377.

165.

Beese, L.S. and Steitz, T.A. (1991) Structural basis for the 3'-5' exonuclease activity of
Escherichia coli DNA polymerase I: a two metal ion mechanism. The EMBO journal, 10,
25-33.

166.

Derbyshire, V., Freemont, P.S., Sanderson, M.R., Beese, L., Friedman, J.M., Joyce, C.M.
and Steitz, T.A. (1988) Genetic and crystallographic studies of the 3',5'-exonucleolytic
site of DNA polymerase I. Science, 240, 199-201.

167.

Derbyshire, V., Pinsonneault, J.K. and Joyce, C.M. (1995) Structure-function analysis of
3'-->5'-exonuclease of DNA polymerases. Methods in enzymology, 262, 363-385.

168.

Bebenek, K., Joyce, C.M., Fitzgerald, M.P. and Kunkel, T.A. (1990) The fidelity of DNA
synthesis catalyzed by derivatives of Escherichia coli DNA polymerase I. The Journal of
biological chemistry, 265, 13878-13887.

169.

Eger, B.T., Kuchta, R.D., Carroll, S.S., Benkovic, P.A., Dahlberg, M.E., Joyce, C.M. and
Benkovic, S.J. (1991) Mechanism of DNA replication fidelity for three mutants of DNA
polymerase I: Klenow fragment KF(exo+), KF(polA5), and KF(exo-). Biochemistry, 30,
1441-1448.

170.

Khairnar, N.P. and Misra, H.S. (2009) DNA polymerase X from Deinococcus
radiodurans implicated in bacterial tolerance to DNA damage is characterized as a short
patch base excision repair polymerase. Microbiology, 155, 3005-3014.

171.

Narumi, I., Satoh, K., Kikuchi, M., Funayama, T., Yanagisawa, T., Kobayashi, Y.,
Watanabe, H. and Yamamoto, K. (2001) The LexA protein from Deinococcus
radiodurans is not involved in RecA induction following gamma irradiation. Journal of
bacteriology, 183, 6951-6956.

172.

Bonacossa de Almeida, C., Coste, G., Sommer, S. and Bailone, A. (2002) Quantification
of RecA protein in Deinococcus radiodurans reveals involvement of RecA, but not LexA,
in its regulation. Mol Genet Genomics, 268, 28-41.

173.

Braithwaite, D.K. and Ito, J. (1993) Compilation, alignment, and phylogenetic
relationships of DNA polymerases. Nucleic acids research, 21, 787-802.

112

174.

Karlin, S. and Brocchieri, L. (1996) Evolutionary conservation of RecA genes in relation
to protein structure and function. Journal of bacteriology, 178, 1881-1894.

175.

Schlesinger, D.J. (2007) Role of RecA in DNA damage repair in Deinococcus
radiodurans. FEMS microbiology letters, 274, 342-347.

176.

Repar, J., Cvjetan, S., Slade, D., Radman, M., Zahradka, D. and Zahradka, K. (2010)
RecA protein assures fidelity of DNA repair and genome stability in Deinococcus
radiodurans. DNA repair, 9, 1151-1161.

177.

Cox, M.M., McEntee, K. and Lehman, I.R. (1981) A simple and rapid procedure for the
large scale purification of the recA protein of Escherichia coli. The Journal of biological
chemistry, 256, 4676-4678.

178.

Bradford, M.M. (1976) A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Analytical
biochemistry, 72, 248-254.

179.

Zuker, M. (2003) Mfold web server for nucleic acid folding and hybridization prediction.
Nucleic acids research, 31, 3406-3415.

180.

Kowalczykowski, S.C. and Krupp, R.A. (1987) Effects of Escherichia coli SSB protein
on the single-stranded DNA-dependent ATPase activity of Escherichia coli RecA protein.
Evidence that SSB protein facilitates the binding of RecA protein to regions of secondary
structure within single-stranded DNA. Journal of molecular biology, 193, 97-113.

181.

LiCata, V.J. and Wowor, A.J. (2008) Applications of fluorescence anisotropy to the study
of protein-DNA interactions. Methods Cell Biol, 84, 243-262.

182.

Wilson, D.H. and Benight, A.S. (1990) Kinetic analysis of the pre-equilibrium steps in
the self-assembly of RecA protein from Escherichia coli. The Journal of biological
chemistry, 265, 7351-7359.

183.

McGhee, J.D. and von Hippel, P.H. (1974) Theoretical aspects of DNA-protein
interactions: co-operative and non-co-operative binding of large ligands to a onedimensional homogeneous lattice. Journal of molecular biology, 86, 469-489.

184.

Tsodikov, O.V., Holbrook, J.A., Shkel, I.A. and Record, M.T., Jr. (2001) Analytic
binding isotherms describing competitive interactions of a protein ligand with specific
and nonspecific sites on the same DNA oligomer. Biophysical journal, 81, 1960-1969.

185.

Kowalczykowski, S.C., Paul, L.S., Lonberg, N., Newport, J.W., McSwiggen, J.A. and
von Hippel, P.H. (1986) Cooperative and noncooperative binding of protein ligands to
nucleic acid lattices: experimental approaches to the determination of thermodynamic
parameters. Biochemistry, 25, 1226-1240.

113

186.

Melikishvili, M., Hellman, L.M. and Fried, M.G. (2009) Use of DNA length variation to
detect periodicities in positively cooperative, nonspecific binding. Methods in
enzymology, 466, 65-81.

187.

Deredge, D.J., Baker, J.T., Datta, K. and Licata, V.J. (2010) The glutamate effect on
DNA binding by pol I DNA polymerases: osmotic stress and the effective reversal of salt
linkage. Journal of molecular biology, 401, 223-238.

188.

McEntee, K., Weinstock, G.M. and Lehman, I.R. (1981) Binding of the recA protein of
Escherichia coli to single- and double-stranded DNA. The Journal of biological
chemistry, 256, 8835-8844.

189.

Menetski, J.P. and Kowalczykowski, S.C. (1985) Interaction of recA protein with singlestranded DNA. Quantitative aspects of binding affinity modulation by nucleotide
cofactors. Journal of molecular biology, 181, 281-295.

190.

Cox, J.M., Tsodikov, O.V. and Cox, M.M. (2005) Organized unidirectional waves of
ATP hydrolysis within a RecA filament. PLoS biology, 3, e52.

191.

Brenner, S.L., Mitchell, R.S., Morrical, S.W., Neuendorf, S.K., Schutte, B.C. and Cox,
M.M. (1987) recA protein-promoted ATP hydrolysis occurs throughout recA
nucleoprotein filaments. The Journal of biological chemistry, 262, 4011-4016.

192.

Kowalczykowski, S.C., Clow, J. and Krupp, R.A. (1987) Properties of the duplex DNAdependent ATPase activity of Escherichia coli RecA protein and its role in branch
migration. Proceedings of the National Academy of Sciences of the United States of
America, 84, 3127-3131.

193.

Bar-Ziv, R. and Libchaber, A. (2001) Effects of DNA sequence and structure on binding
of RecA to single-stranded DNA. Proceedings of the National Academy of Sciences of
the United States of America, 98, 9068-9073.

194.

Gourves, A.S., Defais, M. and Johnson, N.P. (2001) Equilibrium binding of singlestranded DNA to the secondary DNA binding site of the bacterial recombinase RecA.
The Journal of biological chemistry, 276, 9613-9619.

195.

Defais, M., Phez, E. and Johnson, N.P. (2003) Kinetic mechanism for the formation of
the presynaptic complex of the bacterial recombinase RecA. The Journal of biological
chemistry, 278, 3545-3551.

196.

Kamiya, H., Murata-Kamiya, N., Iida, E. and Harashima, H. (2001) Hydrolysis of
oxidized nucleotides by the Escherichia coli Orf135 protein. Biochem Biophys Res
Commun, 288, 499-502.

197.

Fujikawa, K., Kamiya, H., Yakushiji, H., Fujii, Y., Nakabeppu, Y. and Kasai, H. (1999)
The oxidized forms of dATP are substrates for the human MutT homologue, the hMTH1
protein. The Journal of biological chemistry, 274, 18201-18205.

114

198.

Fujikawa, K., Kamiya, H., Yakushiji, H., Nakabeppu, Y. and Kasai, H. (2001) Human
MTH1 protein hydrolyzes the oxidized ribonucleotide, 2-hydroxy-ATP. Nucleic acids
research, 29, 449-454.

199.

Schulte-Frohlinde, D. (1987) Biological consequences of strand breaks in plasmid and
viral DNA. Br J Cancer Suppl, 8, 129-134.

200.

Timmins, J., Leiros, I. and McSweeney, S. (2007) Crystal structure and mutational study
of RecOR provide insight into its mode of DNA binding. The EMBO journal, 26, 32603271.

201.

Metrick, M.A., Temple, J.E. and MacDonald, G. (2013) The effects of buffers and pH on
the thermal stability, unfolding and substrate binding of RecA. Biophysical chemistry,
184, 29-36.

202.

Pugh, B.F. and Cox, M.M. (1987) Stable binding of recA protein to duplex DNA.
Unraveling a paradox. The Journal of biological chemistry, 262, 1326-1336.

203.

Datta, K. and LiCata, V.J. (2003) Salt dependence of DNA binding by Thermus aquaticus
and Escherichia coli DNA polymerases. The Journal of biological chemistry, 278, 56945701.

204.

Wowor, A.J., Datta, K., Brown, H.S., Thompson, G.S., Ray, S., Grove, A. and LiCata,
V.J. (2010) Thermodynamics of the DNA structural selectivity of the Pol I DNA
polymerases from Escherichia coli and Thermus aquaticus. Biophysical journal, 98,
3015-3024.

205.

Karantzeni, I., Ruiz, C., Liu, C.C. and Licata, V.J. (2003) Comparative thermal
denaturation of Thermus aquaticus and Escherichia coli type 1 DNA polymerases.
Biochem J, 374, 785-792.

206.

Schoeffler, A.J., Joubert, A.M., Peng, F., Khan, F., Liu, C.C. and LiCata, V.J. (2004)
Extreme free energy of stabilization of Taq DNA polymerase. Proteins, 54, 616-621.

207.

Datta, K., Wowor, A.J., Richard, A.J. and LiCata, V.J. (2006) Temperature dependence
and thermodynamics of Klenow polymerase binding to primed-template DNA.
Biophysical journal, 90, 1739-1751.

208.

Richard, A.J., Liu, C.C., Klinger, A.L., Todd, M.J., Mezzasalma, T.M. and LiCata, V.J.
(2006) Thermal stability landscape for Klenow DNA polymerase as a function of pH and
salt concentration. Biochimica et biophysica acta, 1764, 1546-1552.

209.

Pace, C.N. (1986) Determination and analysis of urea and guanidine hydrochloride
denaturation curves. Methods in enzymology, 131, 266-280.

210.

Warren, J.R. and Gordon, J.A. (1966) On Refractive Indices of Aqueous Solutions of
Urea. Journal of Physical Chemistry, 70, 297-&.

115

211.

Nozaki, Y. (1972) The preparation of guanidine hydrochloride. Methods in enzymology,
26, 43-50.

212.

Santoro, M.M. and Bolen, D.W. (1988) Unfolding free energy changes determined by the
linear extrapolation method. 1. Unfolding of phenylmethanesulfonyl alpha-chymotrypsin
using different denaturants. Biochemistry, 27, 8063-8068.

213.

Ramsay, G.D. and Eftink, M.R. (1994) Analysis of multidimensional spectroscopic data
to monitor unfolding of proteins. Methods in enzymology, 240, 615-645.

214.

Arnold, K., Bordoli, L., Kopp, J. and Schwede, T. (2006) The SWISS-MODEL
workspace: a web-based environment for protein structure homology modelling.
Bioinformatics, 22, 195-201.

215.

Li, Y., Mitaxov, V. and Waksman, G. (1999) Structure-based design of Taq DNA
polymerases with improved properties of dideoxynucleotide incorporation. Proceedings
of the National Academy of Sciences of the United States of America, 96, 9491-9496.

216.

Louis-Jeune, C., Andrade-Navarro, M.A. and Perez-Iratxeta, C. (2012) Prediction of
protein secondary structure from circular dichroism using theoretically derived spectra.
Proteins, 80, 374-381.

217.

Marky, L.A. and Breslauer, K.J. (1987) Calculating thermodynamic data for transitions
of any molecularity from equilibrium melting curves. Biopolymers, 26, 1601-1620.

218.

Liu, C.C. and LiCata, V.J. (2014) The stability of Taq DNA polymerase results from a
reduced entropic folding penalty; identification of other thermophilic proteins with
similar folding thermodynamics. Proteins, 82, 785-793.

219.

Gutman, P.D., Fuchs, P. and Minton, K.W. (1994) Restoration of the DNA damage
resistance of Deinococcus radiodurans DNA polymerase mutants by Escherichia coli
DNA polymerase I and Klenow fragment. Mutat Res, 314, 87-97.

220.

Heyduk, T. and Lee, J.C. (1990) Application of fluorescence energy transfer and
polarization to monitor Escherichia coli cAMP receptor protein and lac promoter
interaction. Proceedings of the National Academy of Sciences of the United States of
America, 87, 1744-1748.

221.

Record, M.T., Jr., Anderson, C.F. and Lohman, T.M. (1978) Thermodynamic analysis of
ion effects on the binding and conformational equilibria of proteins and nucleic acids: the
roles of ion association or release, screening, and ion effects on water activity. Quarterly
reviews of biophysics, 11, 103-178.

222.

Fried, M.G. and Stickle, D.F. (1993) Ion-exchange reactions of proteins during DNA
binding. European journal of biochemistry / FEBS, 218, 469-475.

116

223.

Manning, G.S. (1977) A field-dissociation relation for polyelectrolytes with an
application to field-induced conformational changes of polynucleotides. Biophysical
chemistry, 7, 189-192.

224.

Olmsted, M.C., Anderson, C.F. and Record, M.T., Jr. (1989) Monte Carlo description of
oligoelectrolyte properties of DNA oligomers: range of the end effect and the approach of
molecular and thermodynamic properties to the polyelectrolyte limits. Proceedings of the
National Academy of Sciences of the United States of America, 86, 7766-7770.

225.

Anderson, C.F. and Record, M.T. (1990) Ion Distributions around DNA and Other
Cylindrical Polyions - Theoretical Descriptions and Physical Implications. Annu Rev
Biophys Bio, 19, 423-465.

226.

You, Y., Tataurov, A.V. and Owczarzy, R. (2011) Measuring thermodynamic details of
DNA hybridization using fluorescence. Biopolymers, 95, 472-486.

227.

Record, M.T., Jr., Zhang, W. and Anderson, C.F. (1998) Analysis of effects of salts and
uncharged solutes on protein and nucleic acid equilibria and processes: a practical guide
to recognizing and interpreting polyelectrolyte effects, Hofmeister effects, and osmotic
effects of salts. Advances in protein chemistry, 51, 281-353.

228.

Record, M.T., Jr., Ha, J.H. and Fisher, M.A. (1991) Analysis of equilibrium and kinetic
measurements to determine thermodynamic origins of stability and specificity and
mechanism of formation of site-specific complexes between proteins and helical DNA.
Methods in enzymology, 208, 291-343.

229.

Wyman, J., Jr. (1964) Linked Functions and Reciprocal Effects in Hemoglobin: A
Second Look. Advances in protein chemistry, 19, 223-286.

230.

Lohman, T.M. and Mascotti, D.P. (1992) Thermodynamics of ligand-nucleic acid
interactions. Methods in enzymology, 212, 400-424.

231.

Ebright, R.H., Ebright, Y.W. and Gunasekera, A. (1989) Consensus DNA site for the
Escherichia coli catabolite gene activator protein (CAP): CAP exhibits a 450-fold higher
affinity for the consensus DNA site than for the E. coli lac DNA site. Nucleic acids
research, 17, 10295-10305.

232.

Terry, B.J., Jack, W.E., Rubin, R.A. and Modrich, P. (1983) Thermodynamic parameters
governing interaction of EcoRI endonuclease with specific and nonspecific DNA
sequences. The Journal of biological chemistry, 258, 9820-9825.

233.

Martin, K.J. and Schleif, R.F. (1987) Equilibrium DNA-binding of AraC protein.
Compensation for displaced ions. Journal of molecular biology, 195, 741-744.

234.

Vershon, A.K., Liao, S.M., McClure, W.R. and Sauer, R.T. (1987) Interaction of the
bacteriophage P22 Arc repressor with operator DNA. Journal of molecular biology, 195,
323-331.

117

235.

Vershon, A.K., Liao, S.M., McClure, W.R. and Sauer, R.T. (1987) Bacteriophage P22
Mnt repressor. DNA binding and effects on transcription in vitro. Journal of molecular
biology, 195, 311-322.

236.

Larkin, M.A., Blackshields, G., Brown, N.P., Chenna, R., McGettigan, P.A., McWilliam,
H., Valentin, F., Wallace, I.M., Wilm, A., Lopez, R. et al. (2007) Clustal W and Clustal
X version 2.0. Bioinformatics, 23, 2947-2948.

237.

Sharma, A., Gaidamakova, E.K., Matrosova, V.Y., Bennett, B., Daly, M.J. and Hoffman,
B.M. (2013) Responses of Mn2+ speciation in Deinococcus radiodurans and Escherichia
coli to gamma-radiation by advanced paramagnetic resonance methods. Proceedings of
the National Academy of Sciences of the United States of America, 110, 5945-5950.

238.

Culotta, V.C. and Daly, M.J. (2013) Manganese complexes: diverse metabolic routes to
oxidative stress resistance in prokaryotes and yeast. Antioxid Redox Signal, 19, 933-944.

239.

Gaidamakova, E.K., Myles, I.A., McDaniel, D.P., Fowler, C.J., Valdez, P.A., Naik, S.,
Gayen, M., Gupta, P., Sharma, A., Glass, P.J. et al. (2012) Preserving immunogenicity of
lethally irradiated viral and bacterial vaccine epitopes using a radio- protective Mn2+Peptide complex from Deinococcus. Cell Host Microbe, 12, 117-124.

118

VITA
Jaycob Dalton Warfel was born in Champaign, Illinois, USA on March 10, 1984 to Jay
Douglas Warfel and Karen Jean Warfel. Jaycob attended St. Thomas Grade School in Philo,
Illinois, and Unity High School in Tolono, Illinois, where he was awarded a high school diploma
in May, 2002. He then attended Parkland College in Champaign, Illinois, where he was awarded
an Associate in Science Degree in May, 2004. Jaycob then transferred to Louisiana State
University and Agricultural and Mechanical College in Baton Rouge, Louisiana, where he
earned a Bachelor of Science Degree in Biochemistry through the Department of Biological
Sciences in May, 2006. Jaycob began working for the Louisiana Department of Environmental
Quality in August, 2006. Jaycob was married to Cari Morgan Browning in October, 2007. In
August, 2008 Jaycob entered graduate school for doctoral study in the laboratory of Dr. Vince
LiCata in the Department of Biological Sciences at Louisiana State University and Agricultural
and Mechanical College in Baton Rouge, Louisiana. Jaycob has one daughter, Sophia Bess
Warfel, born in November, 2012. Jaycob is a candidate for the Doctor of Philosophy Degree in
Biochemistry to be awarded in May, 2015.

119

